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THE REACTION OF SULFUR AND SULFUR COM- 
POUNDS WITH OLEFINIC SUBSTANCES. 
V. RUBBER VULCANIZATION * 


G. F. BLOOMFIELD 


British Rupsper Propucers’ Association, 48 Tewin Roap, WELWYN GARDEN City, 
HERTFORDSHIRE, ENGLAND 


To compare the sulfuration reactions of rubber with those established for 
simple olefins!, it is of considerable interest to ascertain precisely the hydrogen- 
to-carbon ratio and the unsaturation value of vulcanized rubber. In view of 
the well known susceptibility to oxidation exhibited by rubber during process- 
ing, and also of the sensitivity of many radical reactions towards atmospheric 
oxygen, it was obviously most desirable in a series of rigidly controlled experi- 
ments to eliminate such opportunities for oxygen-interference as far as possible. 
In the preparation of a technical vulcanized rubber there is ample opportunity 
for access of oxygen, not only during the incorporation of sulfur and other 
ingredients with the rubber, but also during vulcanization itself, since dissolved 
air is generally present in the rubber. The addition of antioxidants was con- 
sidered undesirable since they could conceivably influence the olefin-sulfura- 
tion reaction, and a technique has therefore been devised for eliminating as far 
as possible all opportunities for interference by oxygen. 


GENERAL PROCEDURE FOR VULCANIZATION OF RUBBER SAMPLES 


The rubber (acetone-extracted crepe except where otherwise specified) was 
preserved in a highly evacuated system. When a sample was required for a 
vulcanization experiment, purified nitrogen was admitted to the system and left 
for a few hours in contact with the rubber. Sulfur and any other ingredients 
were then incorporated with the nitrogen-saturated rubber sample as rapidly 
as possible on a cool mill, and immediately after milling the sample was evacu- 
ated again. Samples were not sealed off from the vacuum system until pro- 
longed degassing enabled a vacuum of 10-4 mm. or less to be maintained over- 
night in a closed system. When it was desired to carry out physical tests on 
the vulcanized rubber, a smooth sheet was obtained by wrapping calendered 
sheet tightly around a glass tube, binding tightly with wet canvas, and insert- 
ing the whole in a wider glass tube which could be subsequently evacuated and 


sealed. 
ANALYTICAL DATA FOR VULCANIZED RUBBERS 


Data for a number of different vuleanized rubbers are shown in Tables I, 
IT and III. 


From these tables the following conclusions may be drawn. 


(1) The ratio of hydrogen to carbon is maintained at 8:5 up to at least 9 
per cent combined sulfur, which is to be expected in view of the very small 
amounts of hydrogen sulfide formed during vulcanization. 


9 * Reprinted from the Journal of the Society of Chemical Industry, Vol. 67, No. 1, pages 14-17, January 
1948, 
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TABLE I 


RaTeE OF RUBBER-SULFUR COMBINATION, AND UNSATURATION OF 
VULCANIZED RUBBER 


Analysis of acetone- 
extracted vulcanizate 
A. 

















Composition Reaction r ~ Ratio 
of rubber mixture conditions C H Ss H:5C LY. 
Fractionated rubber* ) Ri 
(4 g.), S (0.48 g.) (a) 86.4 11.65 1.55 8.04 348 Su 
Fractionated rubber* Zi 
(4 g.), S (0.43 g.) (b) 3 hr. 83.95 11.4 4.25 8.09 312 Mi 
Rubber (5 g.), q 
S (0.5 g.) (b) 140-146° 82.0 Ee | 5.9 8.08 283 St 
Rubber (4.25 g.), Sa 
S (0.75 g.) (b) 79.4 10.8 8.95 8.11 254 
Crude crepe rubber 
(4.5 g.), S (0.5 g.) (b) 81.95 11.2 5.9 8.14 - Ru 
Rubber (5 g.), Su 
S (0.5 g.) (a), 23 hr., 140° 85.4 17 2.15 8.17 339 Zit 
Purified gutta-percha M 
(4.5 g.), S (0.5 g.) (a) 3 hr. 86.5 11.5 1.83 7.92 337 1 
Purified gutta-percha Ste 
(4.5 g.), S (0.5 g.) (b) 140-145° 85.25 11.6 2.66 8.12 324 Sa 
Fractionated rubber* 7} ( 
(4 g.), S (1 g.) (a) 2 hr. 86.9 11.85 1.25 8.11 348 Ru 
Fractionated rubber* Su. 
(4 g.),S (1 g.) (a) 3} hr. | 141°+0.50 $545 116 2.5 8.08 329 Zit 
Fractionated rubber* Di 
(4g.),S (1 g.) (a) 44 hr. 83.7 11.25 4.65 8.20 304 I 
Fractionated rubber* Ste 
(4¢.),S (1 g.) (a) 6 hr. | 80.4 10.85 8.6t 8.04 261 ms 
ou 
* N-content <0.01 per cent, IV. 364. Zir 
+ 2.4 per cent of total combined sulfur removable by 10 per cent sodium sulfite in 2 hours at 100°. Zir 
(a) in vacuo. 
(b) in presence of 50 cc. hydrogen sulfide. 
TABLE II i 
Errect or Zinc OXIDE ON REACTION OF SULFUR WITH RUBBER at 141°+0.5° pre 
Analysis of acetone- 
Composition extracted vulcanizate Sas 
of rubber Reaction r 7. ~ Ratio : Zns be 
mixture conditions Cc H Ss H:5C LY. (%) a 
Rubber 100 (a) 2 hr. 82.4 11.15 0.9 8.06 338 0.08 
Sulfur 6 (b) 2 hr. 80.8 11.0 2.65 8.13 317 0.11 eae 
Zinc oxide 5 (c) 2 hr. 82.45 11.15 1.0 8.06 338 0.09 the 
Stearic acid 1 (a) 3 hr. 81.8 11.0 1.45 8.00 331 0.07 
Rubber 100 = (a) 2 hr. 81.9 111 1.55 8.07 330 0.07 a 
Sulfur 10 (c) 3 hr. 81.4 11.0 2.3 8.05 318 0.11 _ 
Zinc oxide 5 (a) 3 hr. 81.2 10.95 2.3 8.03 322 0.12 am 
Stearic acid 1 (b) 3 hr. 78.65 10.7 5.15 8.10 282 0.16 the 
(a) 43 hr. 79.55 10.7 4.2 8.02 301 0.13 vu 
Rubber 100 abe 
Sulfur 10 (a) 3 hr. = — 23 - - - 
Rubber 100 (a) 13 hr. — —- — — 332 0.06 is 
Sulfur 15 (a) 23 hr. —_ — 3.15 — 314 0.12 or 
Zinc oxide 5 (a) 33 hr. 78.3 10.6 5.05 8.08 293 0.14 * 
Stearic acid 1 (a) 5 hr. 76.5 10.45 7.9* 8.14 260 0.15 hs 
* 1.2 per cent of total combined sulfur removable by sodium sulfite in 2 hours. . : lin] 
(a) In vacuo; (6) in presence of 50 cc. hydrogen sulfide per 5 g. sample; (c) in vacuo with side-arm con- : 
taining anhydrous lead acetate (only very slight blackening observed), ind 





: 
‘ 





330) 
337 
324 
348 
329) 
04 
61 
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TABLE ITI 


Errect oF CERTAIN ACCELERATORS AND ZINC OXIDE ON THE REACTION 
OF RUBBER WITH SULFUR AT 141° + 0.5° 


Analysis of acetone- 








extracted vulcanizate Sas 
Composition of Reaction r A Ratio ZnS 
rubber mixture conditions C H Ss H:5C I.V. (%) 
Rubber 100 (a) }hr. a — 3.25 — 319 0.27 
Sulfur 10 (a) 1 hr. 78.8 10.65 5.05 8.04 301 0.39 
Zine oxide 5 (b) 1 hr. 78.5 10.8 5.1 8.20 290 0.14 
Mercaptobenzo- (a) 14 hr. --- 5.8 a 291 0.34 
thiazole 
Stearic acid 1 
Same, but with ac- (a) 1 hr. — - 0.8 - ~- 
celerator omitted 
Rubber 100 (a) }hr. -- — 3.5 — 314 0.23 
Sulfur 15 (a) 1 hr. 7i1.¢ §©6©10,55 5.9 8.08 291 0.29 
Zine oxide 5 (a) 14 hr. 76.45 10.35 7.5 8.07 <272 0.35 
Mercaptobenzo- (a) 2 hr. 74.4 10.0 9.6* 8.00 <255 0.36 
thiazole 
Stearic acid 1 
Same, but with ac- (a) 1 hr. 1.0 os 
celerator omitted 
Rubber 100 (a) 15 min. - - Ka — on 0.07 
Sulfur 10 (a) 30 min. 79.5 10.8 4.0 8.10 205 0.11 
Zine oxide 5 (a) 60 min. 770 «60:5 635 8.10 270 0.13 
Diphenylgua- (b) 60 min, — 7.75 — — 0.10 
nidine 2 (a) 90 min. 76.25 10.4 7.9 8.13 257 0.13 
Stearic acid 1 
Rubber 100 (a) 10 min. 0.5 - 340 _ 
Sulfur 2.5 (a) 20 min. - 1.3 - 326 -- 
Zine oxide 5 (a) 40 min. 2.05 —- 322 0.08 
Zine dimethyl- (a) 60 min. — 2.25 _ 318 0.08 
dithiocarbam- (a) 75 min. —- — 2.30 ——- 318 a 
ate 0.25 (a) 90 min. — — 2,30 -- 321 0.09 
Stearic acid 1.0 


* 1.7 per cent of total combined sulfur removable by sodium sulfite in 3 hours (a) in vacuo; (b) in 
presence of 50 cc. hydrogen sulfide per 5 grams of sample. 


(2) A graphical representation of the unsaturation values which has already 
been published? shows clearly that in rubber-sulfur vulcanizates olefinic un- 
saturation is reduced in the proportion of approximately one double bond for 
each sulfur atom combined, but the addition of zinc oxide somewhat reduces 
the loss of unsaturation for a given content of combined sulfur. 

(3) The presence of zine oxide in a rubber-sulfur mixture does not signifi- 
cantly alter the rate of combination of sulfur with rubber (see Table II, central 
section). A small and fairly reproducible amount of zinc sulfide is formed, its 
amount depending far more on the type of accelerator present than on either 
the proportion of sulfur originally present, or the combined sulfur found in the 
vuleanized rubber. The presence of mercaptobenzothiazole in particular brings 
about an appreciable increase in zine sulfide formation. 

(4) A small proportion (generally <3 per cent) of the total combined sulfur 
is removable by sodium sulfite, even after prolonged extraction with chloroform 
or carbon disulfide to ensure complete removal of free sulfur. Since the con- 
version of soluble sulfur to an insoluble allotrope has not been observed in the 
reaction of sulfur with olefins, this removable sulfur is indicative of polysulfide 
linkages, but the amount of polysulfide may well be greatly in excess of that 
indicated by the proportion of sulfur removable by sodium sulfite, since poly- 
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isoprene polysulfides, even when prepared synthetically, are very unreactive 
towards sodium sulfite. The proportion of removable sulfur is somewhat 
lower in vuleanizates accelerated with mercaptobenzothiazole, and in this 
connection it is of interest that even with quite simple olefins Armstrong, Little 
and Doak* have found that the addition of mercaptobenzothiazole substantially 
reduces the proportion of polysulfide linkages, and increases the proportion 
of monosulfide linkages, formed on vulcanization. 

(5) The cross-linking efficiency of sulfur in unaccelerated rubber-sulfur 
vuleanizates, as indicated by the modulus at low extension of swollen samples 
of the vuleanizates described in Table IV‘ is of a low order. 


TABLE IV 


VULCANIZATION OF 10-GRAM SAMPLES OF A RuBBER (100) SuLFuR (10) 
MIxINnG aT 141° + 0.5° 


Time of Combined ais: E.B. Mod. 700 

Conditions cure (hrs.) S (%) kg. /cem.? (%) kg. /em.? 
In vacuo 3 2.2 106 950 22 
43 3.2 188 865 61 
43 3.8 157 760 99 
6 4.85 16 300 . 
8 7.0 12 200 ss 
In tube with 2 2.3 104 850 25 
50 ce. H2S, 3 3.65 180 845 64 
no QO: 4} 5.1 18 280 34 
6 6.35 8 150 . 
In tube with 2 3.8 132 885 35 
0.2¢.EtSH, 3 5.7 16 390 ' 


no Oz 


* Not possible to calculate Mod. 700. 


The behavior of rubber towards sulfur is, therefore, seen to be closely com- 
parable with that of the simpler olefins studied', and the low order of cross- 
linking efficiency is undoubtedly to be attributed, at least in part, to the 
participation of sulfur in cyclic sufide formation instead of in cross-linking 
reactions. The formation of trimethylsulfonium iodide on treatment of 
vulcanized rubber with methyl iodide, observed by Kemp and Selker'‘, is also 
indicative of the presence of cyclic sulfide linkages since the cyclic sulfide of 
a much smaller polyisoprene molecule (dihydromyrcene) itself yields some 
trimethylsulfonium iodide under the conditions of Kemp and Selker’s ex- 
periments. 


INFLUENCE OF OXYGEN ON VULCANIZATION 


Armstrong, Little and Doak* have already observed an appreciable in- 
hibition by oxygen (or oxidation products of rubber) of the vulcanization of a 
mercaptobenzothiazole-accelerated rubber mixing. In the present work ob- 
servations of the effect of oxygen have been confined to unaccelerated mixings 
containing only rubber and sulfur, and in every case a small but definite in- 
hibition has been observed in the presence of oxygen compared with experi- 
ments in which oxygen was rigidly excluded. The observed inhibition may, 
however, be due wholly or in part to oxygen-inhibition of hydrogen sulfide 
catalysis (see below) since traces of hydrogen sulfide are always unavoidably 
present in the vulcanization experiments conducted in sealed tubes (Table V). 
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TABLE V 
HYDROGEN SULFIDE FORMATION DURING VULCANIZATION 


Rubber Combined sulfur Hydrogen sulfide 
Acetone-extracted crepe 2.4% 0.069 mg.” 
Petroleum-ether diffused sol 1.8% 0.032 mg. 
Fractionated rubber (N < 0.01%) 0.92% 0.009 mg. 


Taser VI 


Contribution to total 
combined 8 from 
_—— * 





Time of Initial H2S H2S initially H:S S combined ‘ (1) (2) 
heating at pressure present consumed with rubber H2S Original 8 
140° (hr.) (mm.) (g.) (g.) (g.) % % 

1} 232 0.031 0.0095 0.135 4 93 
2 831] 0.095 0.035 0.20 20 80 
3* 694 0.07 0.028 0.12 22 78 


* In the last experiment a mixture of rubber (100), S (6), ZnO (5) and stearic acid (1) was used. 


CATALYTIC INFLUENCE OF HYDROGEN SULFIDE 
ON VULCANIZATION 


Although it is well known that the presence of hydrogen sulfide brings about 
a considerable increase in the rate of vulcanization of rubber, it has never been 
made clear to what extent the increase in both combined sulfur and the state of 
physical cure can be attributed to the known capability for hydrogen sulfide 
itself to combine with, and to cross-link, the rubber*®. It is now established 
that, provided the proportion of hydrogen sulfide present is small compared with 
the amount of sulfur present, the increase in combined sulfur brought about in a 
given time is considerably in excess of the combined sulfur resulting from that 
portion of the hydrogen sufide which combines with the rubber. Moreover, 
when vulcanization is carried out in a sealed evacuated tube containing an 
absorbent for hydrogen sulfide, there is an appreciable decrease in the rate 
of rubber-sulfur combination. Physical tests (Table IV) on rubber vulcanized 
in the presence of hydrogen sulfide show changes in modulus (both dry and 
swollen), tensile strength, and elongation proportional to the increased sulfur 
content, and indicate that the efficiency of the sulfur cross-linking reaction is 
not apparently changed by the presence of the hydrogen sulfide. 

The catalytic activity of hydrogen sulfide is markedly suppressed when very 
small amounts of oxygen are admitted to the reaction vessel. It is also par- 
tially suppressed when zinc oxide is present in the mixing; it is suppressed en- 
tirely in the presence of mercaptobenzothiazole and to a lesser extent in the 
presence of diphenylguanidine. Failure to recognize this suppression un- 
doubtedly led Booth and Beaver’ to state that there is no catalytic effect of 
hydrogen sulfide on vulcanization. 

Replacement of one of the hydrogen atoms of hydrogen sulfide by an alkyl 
group (as in thiols) does not destroy the catalytic activity, but this is entirely 
lost when both hydrogen atoms are so replaced as in sulfides. The changes in 
physical properties associated with the presence of thiol catalysts are again 
proportional to the increased sulfur content, provided that plasticizing products 
(polysulfides), resulting from the action of sulfur on the thiol itself, are re- 
moved by solvent extraction. 
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REACTION OF THIOLS WITH SULFUR 


Since the formation of thiols as intermediates in vulcanization reactions has 
been suggested, it is of the utmost importance to obtain more precise knowledge 
of the course of reaction of thiols in the presence of sulfur and other compound- 
ing ingredients. Although the reaction between thiols and sulfur (forming 
disulfides and hydrogen sulfide) at vulcanization temperature is extremely slow, 
the thiol rapidly disappears when rubber is also present, but no hydrogen sulfide 
is then liberated. Since di- and polysulfides corresponding to the particular 
thiol used can be extracted from the rubber, it is clear that the disappearance 
of the bulk of the thiol is to be attributed to its conversion to di- and poly- 
sulfides and not to its addition to olefinic linkages of the rubber. 

Quite small amounts of zine oxide or soluble soaps exert a powerful catalytic 
influence on the reaction of thiols with sulfur, the reaction being essentially 
that of sulfur on the thiol and not that of sulfur on a zine mercaptide, since 
hydrogen sulfide is liberated almost quantitatively, and no more than trace 
quantities of zinc sulfide are formed. Reaction proceeds rapidly at tempera- 
tures above 70°. lf the reaction takes place in the presence of rubber, no 
hydrogen sulfide is liberated, and very little zine sulfide is formed. Since these 
experiments were completed, a report of an investigation along rather similar 
lines has been published by Hull, Olsen and France’. The results described 
here fully confirm their findings, and it is of particular interest and significance 
that the American workers observe that when zinc oxide is present in consider- 
able excess, as in a rubber mixing, the reaction between thiol groups and sulfur 
gives disulfide and zine sulfide (resulting from sulfur oxidation of zine mereap- 
tides) in preference to the oxidation of the thiol itself by sulfur observed in the 
presence of small amounts of zine oxide. 

Several well known vulcanization accelerators, especially those containing 
imino-nitrogen, powerfully catalyze the reaction of sulfur with thiols so that 
smooth conversion to di- and polysulfides takes place at room temperature 
or below, polysulfide formation being favored by having present a suitable 
excess of sulfur. This reaction proves to be extremely useful in the synthesis 
of polysulfides where the more usual preparative methods fail on account of 
sensitivity of the organic group of the reagents or reaction conditions necessary 
for polysulfide formation. 

It can, therefore, be stated with certainty that if rubber vulcanization 
proceeds along the lines indicated for simpler olefins and so involves the forma- 
tion of thiols as intermediates, the conversion of the thiol groups into di- and 
polysulfide linkages is extremely probable, especially when zine oxide, zinc 
soaps or accelerators containing imino-nitrogen are also present. 


EXPERIMENTAL 


Microanalyses were carried out by W. T. Chambers and (Miss) E. Farquhar. 
Unsaturation was determined by bromine addition? and the result expressed 
as iodine value. All analytical figures quoted are for acetone-extracted samples. 

Formation of hydrogen sulfide during vulcanization—The rubber-sulfur 
samples were seated in evacuated tubes fitted with spikes, which could even- 
tually be broken in an enclosing evacuated system by manipulation of a suit- 
able key. The total gas pressure was measured, then all condensable gas, 
already shown quantitatively to contain hydrogen sulfide’, was condensed 
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by application of liquid oxygen into a reaction vessel containing methyl mag- 
nesium iodide!®. 

Table V shows the amounts of hydrogen sulfide obtained from 0.5 gram of 
rubber and 0.05 gram of sulfur after heating for 3 hours at 140°. 

Influence of oxygen on the reaction of sulfur with rubber —In the following 
pairs of strictly comparable experiments samples (2 grams) of rubber contain- 
ing 10 per cent sulfur were sealed in tubes (1) in vacuo, (2) with admission of 
10-20 ec. of air. After two hours’ heating at 140—-142° (1) contained 1.55 
per cent and (2) 1.1 per cent combined sulfur, and after 3 hours’ heating at 
140-150° (1) contained 3.6 per cent and (b) 3.0 per cent combined sulfur. 

Influence of hydrogen sulfide on the reaction of sulfur with rubber.—Three 
samples (4 grams) of rubber containing 10 per cent sulfur were respectively 
sealed (1) in an evacuated tube fitted with sidearm containing anyhydrous lead 
acetate, (2) in vacuo, (3) in presence of hydrogen sulfide (c. 0.05 g.), and were 
heated together for 3 hours at 140-145°. (Found: (1) 8, 2.1; (2) 8, 3.05; 
(3) S, 5.9 per cent) ; the lead acetate in (1) was appreciably blackened. Further 
examples of hydrogen sulfide catalysis are to be found in Tables I and ITI. 

Influence of oxygen on hydrogen sulfide catalysis of rubber-sulfur combination. 

Samples (4 grams) of a mixture of rubber (100 parts) and sulfur (10 parts) 
were heated for 3 hours at 141-2° in sealed tubes under the following condi- 
tions:—(1) Jn vacuo (Found: §, 2.1 per cent); (2) In presence of 20 ce. air 
(0.07 per cent by weight of oxygen on rubber), (Found: 8, 1.95 per cent); 
(3) In presence of 20 ce. hydrogen sulfide (0.7 per cent by weight on rubber), 
(Found: $8, 4.7 per cent); (4) In presence of 20 ce. hydrogen sulfide and 20 ce. 
air, (Found, 8, 3.7 per cent) ; (5) In presence of 20 cc. hydrogen sulfide and 20 ce. 
nitrogen, (Found, 8, 4.1 per cent). The samples to which air had been ad- 
mitted were darker in color and were tacky. 

Consumption of hydrogen sulfide during catalyzed reaction of sulfur with 
rubber.—An intimate mixture of rubber (4.5 grams) and sulfur (0.45 gram) 
was placed in a tube to which a manometer was attached, and after evacuation 
some hydrogen sulfide was introduced. 

Vulcanization of rubber by hydrogen sulfide—Rubber (2 grams) containing 
sulfur (0.01 gram, 0.5 per cent) was heated for 2 hours at 140° in two sealed 
tubes containing, respectively, (1) nitrogen, (2) hydrogen sulfide (0.7 gram). 
The product from (1) was tacky and soft and showed no significant degree of 
vulcanization (Found: $8, 0.3 per cent). That from (2) was nontacky and 
showed positive indications of vulcanization (Found: §, 1.25 per cent). 

Influence of ethanethiol, ethyl sulfide and ethyl disulfide on the reaction of 
sulfur with rubber.—Samples (5 grams each) of a mixture of rubber (100 grams) 
and sulfur (10 grams) were heated for 2 hours at 140-145° in sealed tubes 
under the following conditions: 


Conditions Combined S (%) 
(1) In evacuated tube 2.0 
(2) In presence of EtSH (0.1 g.) 5.1 
(3) In presence of Et2S (0.1 g.) 1.95 
(4) In presence of EteS2 (0.1 g.) 3.3 


Formation of trimethylsulfonium iodide from dihydromyrcene cyclic sulfide 
and methyl iodide——The cyclic sulfide (0.2 gram) prepared by the reaction of 
sulfur with dihydromyrcene" was sealed in a glass tube with methyl iodide 
(10 ee.) and alcohol (10 cc.), all traces of air having been removed by evacuating 
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to 10-> mm. while freezing in Drikold. After 3 days at 25° a few crystals 
(0.05 gram) of trimethylsulfonium iodide, m.p. 206° (decomp.), had formed. 
(Found: C, 17.65; H, 4.45; I, 62.1; S, 15.8. Cale. for CsH IS: C, 17.65; 
H, 4.4; I, 62.25; 8, 15.7 per cent.) 

Reaction of sulfur and zinc oxide with thiols —Cyclohexanethiol (8.1 grams) 
reacted extremely slowly with sulfur (1.1 grams) at 140°, but when zinc oxide 
(0.25 gram) was added an immediate evolution of hydrogen sulfide occurred 
and after 1 hour 88 per cent of the theoretical amount of hydrogen sulfide had 
been evolved. Distillation of the centrifuged product gave dicyclohexy| 
disulfide, b.p. 100°/0.001 mm., n?° 1.5462 (Found: C, 62.35; H, 9.7; 8, 27.5. 
Calculated for C\2H22S2: C, 62.55; H, 9.65; 8, 27.8 per cent). A residue, nj’ 
1.5708, of higher sulfur content (Found: 8, 34.2; removable sulfur’, 4 hours, 
18 per cent. C,.H»S; requires 8, 36.6 per cent), accounted for about 20 per 
cent of the total product. The zine oxide contained only 0.039 gram sulfur as 
zine sulfide. 

Dodecanethiol (8.2 grams) was heated with sulfur (1.3 grams, twice theo- 
retical) and zine oxide (0.3 gram) for 2 hours at 140°. The centrifuged product 
was freed from sulfur by passage through a molecular still at 100°, and was then 
passed again through the still at 140° giving a pale yellow distillate (4.7 grams) 
which solidified (Found: 8, 21.9 per cent. C24,Hs0Ss3 requires 5, 22.1 per cent), 
and a less voltatile liquid (1.2 grams) (Found: 8, 28.2 per cent. CosHsoS4 re- 
quires 8, 27.4 per cent). 

Reaction of sulfur and accelerators with thiols.—Mercaptobenzothiazole only 
slightly increased the reaction rate of sulfur with cyclohexanethiol or dode- 
canethiol but diphenylguanidine, butyraldehydeaniline, piperidine or piperdine 
pentamethylenedithiocarbamate (10 per cent of weight of sulfur present) 
brought about an immediate evolution of hydrogen sulfide when added to a 
suspension of sulfur in cyclohexyl merecaptan at room temperature. Neither 
aniline nor benzoyl peroxide was active, however, even on warming to 100°. 
Tetramethylthiuram disulfide was active at 40°, and zine dimethyldithiocar- 
bamate caused a rapid reaction at 75°, but zine isopropylxanthate was no more 
effective than zine oxide or zine stearate. In every case where reaction oc- 
curred, considerably more sulfur entered into reaction than was required for 
disulfide formation, and viscous products of high n were obtained. 

On adding piperidine (0.2 gram) to ethanethiol (8.4 grams) and sulfur 
(4.3 grams, twice theoretical) an immediate and vigorous evolution of hydrogen 
sulfide occurred without a rise in temperature of the reaction mixture, and all 
of the sulfur passed into solution within a few minutes. The reddish brown 
product was taken up in ether, washed with dilute acid, dried and distilled, 
yielding diethyl disulfide (2.4 grams) b.p. 35-41°/13 mm., n3° 1.5078 (Found: 
S, 53.5. Calculated for CyHyoS2, 8, 52.5 per cent), diethyl trisulfide (2.3 grams) 
b.p. 35-43°/0.1 mm., n° 1.5698 (Found: §, 63.15. Calculated for C4Hio05s, 
S, 62.2 per cent) and diethyl tetrasulfide (3.2 grams) b.p. 65-67°/0.1 mm., 
nz° 1.6173 (Found: S, 67.0 Calculated for CyHioS4, S, 68.8 per cent). 

Preparation of dihydromyrcene tetrasulfide——Mono-2- (or 6-) mercapto-2, 
6-dimethyl-6- (or -2-) octene was prepared in admixture with cyclic sulfides by 
the addition of hydrogen sulfide to dihydromyrcene in the presence of alumi- 
num sulfide®. To the unseparated mixture (containing 6.7 grams of thiol) was 
added sulfur (1.87 grams) and then piperidine (0.1 gram) diluted with a little 
benzene (5 cc.). When the evolution of hydrogen sulfide had subsided, the 
product was warmed to 80° for 30 minutes, then diluted with ether, and washed 
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with acid and water as above. The polysulfide was finally freed from volatile 
impurities and from the accompanying cyclic sulfides by repeated passage 
through a molecular still at 5°; yield 5.4 grams, n2° 1.5684. (Found: C, 57.6; 
H, 8.95; 8, 32.75; removable 8, 3 hours, 4.5 per cent; 8 hours, 6 per cent. 
CooH eS, requires C, 59.4; H, 8.95; S, 31.8 per cent.) 

Reaction of sulfur with rubber in presence of cyclehexanethiol.—Rubber 
(10 grams) containing sulfur (1 gram) and cyclohexanethiol (1 gram) was sealed 
in a spiked evacuated tube and left until uniformly swollen. After heating for 
| hour at 140°, the tube was opened in an evacuated system and free hydrogen 
sulfide was estimated. (Found: 0.0087 gram H.S.) No odor of thiol was 
detectable in the rubber; acetone extraction yielded some free sulfur and an 
oil which was reduced with sodium (2 grams) in alcohol (40 cc.) and benzene 
(10 ce.). The reduced solution was evaporated to small bulk, dissolved in 
water, acidified, and extracted with ether; the extract was shaken with cadmium 
chloride solution to remove hydrogen sulfide, washed, and dried over sodium 
sulfate. The thiol content was then estimated with silver nitrate (Found: 
0.48 gram cyclohexanethiol. The acetone-extracted rubber was well vulcan- 
ized ; its sulfur content (Found: 4.7 per cent) was much greater than that antici- 
pated for a l-hour cure (1 per cent 8), even when allowance was made for 
possible combination of the thiol (0.5 gram) unaccounted for in the reductive 
treatment of the acetone extract. 

A similar experiment in which zine oxide (0.5 gram) and stearic acid (0.1 
gram) were present yielded a vulcanized rubber (Found: 8, 4.5 per cent) with- 
out appreciable formation of zine sulfide (Found 0.09 per cent S as ZnS), and 
the acetone extract yielded 0.39 grams of cyclohexanethiol on reduction. 


SUMMARY 


Data presented for a range of vulcanized rubbers prepared under different 
conditions show that, while olefinic unsaturation becomes reduced by vulcaniza- 
tion in the proportion of one double bond for each sulfur atom combined with 
a C5Hs unit, the original H/C ratio of 8/5 is not altered. The loss of unsatura- 
tion is somewhat modified when zine oxide or certain accelerators also are 
present. Oxygen has a slight inhibiting effect on vulcanization; hydrogen 
sulfide and thiols markedly catalyse the vulcanization reaction without, ap- 
parently, affecting the efficiency of the sulfur cross-linking reaction. 

In confirmation of the results of Hull, Olsen, and France’, a small proportion 
of zine oxide or a soluble zine soap promotes a reaction between sulfur and 
mereapto groups whereby di- and polysulfides are formed with liberation of 
hydrogen sulfide. The same type of activity is shown by some of the nitrog- 
enous accelerators commonly used in rubber vulcanization. Substantial 
conversion of mercapto groups into polysulfide linkages is, therefore, to be 
expected when vulcanization is conducted in the presence of these auxiliary 
substances. 
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SULFUR BOND IN VULCANIZATES 
VULCANIZATION BY DITHIOLS * 


C. M. Huui, Louis A. WEINLAND, 8S. R. OLSEN, 
AND WESLEY G. FRANCE 


Tue Onro Strate University, Cotumsus, Ouro 


In the previous papers of this series! it was suggested that cross-linking 
during sulfur vulcanization may occur in part (or virtually entirely in the case 
of stocks that do not contain metal) through thiol addition to double bonds. 
According to this proposal, it should be possible to effect cross-linking by means 
of a bifunctional thiol, M(SH).2, where M represents a hydrocarbon or other 
type of bivalent radical. This, in fact, has proved to be the case. Both 
natural rubber and synthetics—particularly GR-S—have been subjected to 
vuleanization of this type. Presumably, the reaction may be represented, in 
the case of a simple polybutadiene, as follows: 
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DITHIOLS USED 


The dithiols used in this study are described in Table I. Both aliphatic 
and aromatie types of dithiols have been investigated. In the aliphatic 
series, in addition to typical polymethylene derivatives of the type studied 
by Hall and Reid?, two dimereapto ethers have been investigated. The 
polymethylenedithiols, except ethylenethiol, were prepared as described 
by Hall and Reid. Decamethylenedithiol was obtained directly from the 
dibromide by the action of flake 70 per cent sodium hydrosulfide® in alcohol 
instead of from sodium hydrosulfide prepared in situ by passing hydrogen 
sulfide into alcoholic sodium ethylate. The yield was 48 per cent of the product 
boiling at 163-164.5° C at 12.7 mm. 

Ethylenedithiol was obtained most simply by the cautious treatment of 
glycol with phosphorus pentasulfide, followed by steam distillation. 

In a typical preparation, 90 grams of finely powdered phosphorus penta- 
sulfide* are added gradually over a period of about an hour with stirring to 100 





,. * Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 3, pages 513-517, March 1948. 
lhis paper was presented before the Division of Rubber Chemistry at its semiannual meeting, Cleveland, 
Ohio, May 26-28, 1947. It is a contribution from The Ohio State University Research Foundation, Fire- 
stone Tire & Rubber Company Project. The present address of C. M. Hull is Associated Colleges of 
Upper New York, Sampson College, Sampson, N. Y 
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TABLE I 
DitHoits Usep 


Boiling range 


Compound (° C/mm.) Method of preparation 
Ethylenedithiol 144-6/760 Glycol, PSs 
Trimethylenedithiol 95 /63.6 Trimethylene bromide, thiourea 
Tetramethylenedithiol 79-80 /12.7 Tetramethylene chloride, thio- 
urea 

Pentamethylenedithiol 95.5-96.5 /12.7 Pentamethylene bromide, thio- 
urea 

Decamethylenedithiol 163.0-164.5/12.7 Decamethylene bromide, NaSH 
(70%) in alcohol 

Bis (2-mercaptoethyl) ether 95.0-95.3/12.7 Bis (2-chloroethyl) ether thio- 
urea 

Bis (2-mercaptoisopropy!) ether 99-101/12.7 Bis (2-chloroisopropyl) ether, 
thiourea 

1,3-Dimercaptobenzene 118.5-119.0/12.7. Reduction of disulfonyl chlo- 
ride, zine dust, and sulfuric 
acid 


ec. of glycol heated to about 110° to 120°C. The reaction is accompanied by 
frothing, with evolution of hydrogen sulfide, and may reach a violent stage, 
possibly accompanied by explosion and flash if not carefully controlled; 
consequently, a pan of cold water should be kept in readiness for cooling the 
flask in the event of excessive frothing. After all the phosphorus pentasulfide 
has been added, the reaction mixture is heated to 140° C, and maintained there 
for about an hour, or until the powder has dissolved to give a brown viscous 
mass. The mixture is cooled to below 100° C, hydrolyzed by slow addition of 
50 cc. of water with stirring, and finally steam-distilled. The dense distillate 
oil weighs about 9 grams; it is dried over Drierite and distilled from a small 
flask in practically pure form—boiling range 144-146° C, n®°? 1.5557, compared 
with the value of 1.5558 of Tucker and Reid’. 

The dimercapto ethers were prepared from the corresponding dichloro 
ethers by the thiourea method in the manner described by Hall and Reid? for 
tetramethylenedithiol. The products were characterized as follows: 

Bis(2-mercaptoethyl), b.p. at 12.7 mm. 95-95.3°, yield 47 per cent; bis(2- 
mercaptoisopropyl), b.p. at 12.7 mm. 99-101°, yield 55 per cent. 

Benzene-1,3-dithiol was prepared for the present work by an adaptation of 
the procedure of Adams and Marvel® for thiophenol. The method comprised 
reduction of the corresponding disulfonyl chloride with zine and sulfuric acid. 
The compound boiled at 118.5-119.0° C at 12.7 mm., in good agreement with 
the product of Bourgeois’, reported as boiling at 116.4° C at 10.8 mm. 


VULCANIZATION ON THE MILL 


Reaction takes place with extreme ease between GR-S and the dithiols of 
lower molecular weight on a cold tight mill, leading in some cases to severe 
scorching. Thus, the elastomer begins to disintegrate and crumble within 
30 seconds after the addition of ethylenedithiol at room temperature. Natural 
rubber behaves similarly but less rapidly. Similar results are obtained with 
the other dithiols, but the vigor of the reaction is an inverse function of molecu- 
lar weight in the polymethylene series. 

Figure 1 shows the rate of scorching on a tight mill of a GR-S-carbon black 
stock on rolls maintained at 20° C as a function of the number of carbon atoms 
in the polymethylenedithiol. The proportion of dithiol used in each case was 
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he Fic. 1.—Rate of scorching on tight mill at 20° C as function of number of 
de carbon atoms in polymethylenedithiol. 
re 
us about 12 millimoles per 100 grams of GR-S. The dithiol was added from a 
of medicine dropper to 30 grams of a latex-compounded mixture comprising 
ite GR-S-100-carbon black 50 in the quantities shown below: 
all No. of 
‘ec Dithiol drops added 
Ethylene 12 
ro Trimethylene 14 
“wa Tetramethylene 16 
or Pentamethylene 17 
Decamethylene 26 
(2- 
Zero time was taken with the addition of the first drop to the smooth base 
. of stock on the mill. Curve I represents the time in seconds to the first evidence 
sed of reaction—usually appearing as a “dry” spot near the edge of the sheet. 
id. With ethylenedithiol, the reaction is nearly instantaneous. Curve II repre- 
ith sents the time in minutes when the stock just begins to disintegrate. 

Table II shows the results with the two dimercapto ethers. The initial 
reaction for bis(2-mercaptoethyl)ether takes place at a rate between that for 
the two- and three-carbon homologs, respectively, in the polymethylene series, 

s of 
; TABLE II 
rere 
hin REACTION OF DIMERCAPTO ETHERS 
iral Start Finish 
vith Drops (sec.) (min.) 
cur Bis(2-mercaptoethyl)ether 18 15 3.5 
: HS—CH.—CH.—O—CH.—CH.—SH 
lack Bis(2-mercaptoisopropy])ether 21 60 5.5 
oms HS—CH,—CH—O—CH—CH.—SH 

| | 
id CH; CH, 
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and the final reaction, between the four- and five-carbon homologs. Bis(2- 
mercaptoisopropyl)ether behaves like decamethylenedithiol. 

The use of larger proportions of dithiol converts the GR-S black mixture to 
a fluffy, or even powdery mass. Five or six parts of tetramethylenedithiol 
per 100 parts of GR-S containing 50 parts of black, within a few minutes’ 
tight milling at 20° C, gives a product which crumbles to a black powder on 
rubbing between the fingers. 

Thus, a very pronounced cure occurs under ordinary milling conditions 
for GR-S. 

It was found, however, that higher milling temperatures inhibited curing 
on the mill by dithiols (except the ethylene derivative), and permitted the 
formation of a smooth sheet. Heating of sheets of this type in the press pro- 
duced definite vulcanization, as shown in Table III. The evidence of vuleani- 
zation in these stocks is unmistakable, and it is evident from the sulfur analyses 
that the cure is accompanied by combination of the dithiol with the elastomer 
chain. Piperidine appears to have a slight catalytic effect in line with the 
observations of Nicolet’, leading to a stronger vulcanizate. 

Stocks containing piperidine as a catalyst were allowed to rest at ordinary 
temperature in sheeted form. Mixtures of this type showed appreciable cure 
with several days standing as shown below: 


Stock 
Formula -_ oy" 1D} 

GR-S . 100 100 
EPC black 50 50 
Pentamethylenedithiol 2 - 
Bis(2-mercaptoisopropyl)ether ah 2 
Piperidine 2 2 
Milling temperature (° C) 30 25 
Properties after 1 hour at room temperature 

Modulus (300%) 170 

Elongation (%) 500 - 

Tensile strength (Ib./sq. in.) 480 low 
Properties after 6 days at room temperature 

Elongation (%) 175 200 

Tensile strength (Ib./sq. in.) 1250 1530 


CURING WITH DITHOLS IN PRESENCE OF SULFUR 


The presence of two parts of sulfur in addition to dithiol results in fairly 
rapid press cures; in stocks milled at 50° C to prevent excessive scorching, 
the products have tensile properties which compare favorably with those of 
conventional GR-S tread stocks. No metal activators or other ingredients 
need be added to the GR-S carbon black mixture; in fact, metals such as zinc 
or lead have been found to be detrimental, presumably because they react to 
tie up the thiol as mercaptide. With the exception of ethylenedithiol, which 
could not be mixed satisfactorily because of scorching on the mill, all the 
dithiols were effective in the presence of sulfur. 

The physical properties attainable with these stocks depend on the par- 
ticular dithiol used, thiol concentration, and curing time. With the concen- 
tration of dithiol constant at 0.015 mole per 100 grams of GR-S, the physical 
properties attainable from the three-, four-, and five-carbon polymethylene- 
dithiols as a function of curing time are shown in Figures 2, 3, and 4. In 
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(2. TaBLe III 
PROPERTIES OF DITHIOL VULCANIZATES 
to Stock 
Ll 1 Formula A B c 
bes GR-S 100 100 100 
on Carbon black (EPC) 50 50 50 
Pentamethylenedithiol 2 sce 2 
a 1,3-Dimercaptobenzene « Z os 
Piperidine MS nd 2 
I 
. Milling temperature (° C) 50 50 50 
ing 
the : 45-minute cure at 145° C 
Modulus (300% and in lb./sq. in.) 320 1200 ” 
o> Elongation (%) 400 340 200 
ini- Tensile strength (lb./sq. in.) 430 1450 960 
ses Acetone-soluble sulfur, parts/100 grams 0.18 0.13 0.12 
ner Combined sulfur, parts/100 grams 0.71 0.77 0.80 
the 90-minute cure at 145° C 
Modulus (300% and in Ib./sq. in.) 590 ots ea 
ary Elongation (%) 350 290 225 
aah, Tensile strength (lb./sq. in.) 700 1750 990 
ure Acetone-soluble sulfur, parts/100 grams 0.14 0.15 0.12 
Combined sulfur, parts/100 grams 0.77 1.0 0.82 
180-minute cure 145° C 
Modulus (300% and in Ib./sq. in.) 770 ae a 
Elongation (%) 325 260 240 
Tensile strength (lb. /sq. in.) 880 2030 1170 
Acetone-soluble sulfur, parts/100 grams 0.12 0.16 0.18 
Combined sulfur, parts/100 grams 0.82 1.0 0.95 
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lic. 2.—300% Modulus as function of curing time for three-, four-, and five-carbon 
polymethylenedithiols. 
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general, the dithiols of higher molecular weight maintain an advantage with 
respect to efficiency of cross-linking (evidenced by modulus) over the entire 
curing range. The tensile curve for the five-carbon dithiol passes through 
a maximum between 90 and 180 minutes. The elongations reflect to a con- 
siderable extent the tightness of cure; the trimethylenedithiol vulcanizates 
show a high permanent set. With curing time constant (45 minutes at 144- 
145° C), the properties of the vuleanizates vary with dithiol concentration, as 
shown in Figures 5, 6, and 7. It appears that the advantage of the higher 
molecular weight dithiols does not extend beyond the pentamethylene com- 
pound. 





GR-S Btack 150 


—— UNAGED SULFUR 2 
-=--=- AGED DIMERCAPTAN O.0IS M 
CURE -VARIABLE 











20 45 90 180 
CURING TIME-MIN. 


Fic. 3.—Tensile strength as function of curing time for three-, four-, and five-carbon 
polymethylenedithiols. 





Aging generally produces effects similar to those observed in the case of 
conventional GR-S vulcanizates—namely, increased modulus together with 
decreased elongation. 

Unfortunately, it is difficult to establish positively the nature of the reaction 
that accompanies the combined action of sulfur and a dithiol. The reaction 
does appear to depend on bifunctionality in the thiol, since dodecanethiol under 
the same circumstances has been shown to be ineffective in producing a cure. 
It appears likely that cross-linking results largely from sulfur catalysis of the 
addition of the dithiol to double bonds in different chains. On the other hand, 
the reaction might be looked upon as an accelerated sulfur vulcanization. 
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The argument for thiol double-bond addition receives support in the failure 
of the reaction with a monothiol and in the fact that a definite cure, although 
considerably retarded, does occur in the absence of sulfur. 

Neither selenium nor tellurium exhibited any catalytic effect on the dithiol 
reaction. 


GELLING OF CEMENTS BY DITHIOLS 


Both rubber and GR-S cements, especially the latter, undergo gelling by the 
combined action of dithiols and light. 

GR-S cement.— Under the influence of light of low wave length, polymethyl- 
enedithiols alone are capable of vulcanizing GR-S in solution. The reaction is 
little affected by heat but is greatly accelerated by light rays shorter than 
4600 A. 

The vulcanizing action of various thiols was tested by adding 5 drops of the 
thiol to approximately 10 cc. of an 8 per cent cement and sealing in Pyrex tubes. 
A series of twelve cements containing, respectively, seven dithiols and five 
monothiols was prepared and heated at 144° C for 24 hours. Specimens were 
not exposed to direct sunlight before heating. 

At the end of 24 hours some of the specimens were found to be slightly 
more or less viscous than the control cement, but none was gelled. Table IV 
summarizes the results. 


e 
TABLE IV 


Errect or Heat on GR-S CEMENTS WITH MONOTHIOLS AND DITHIOLS 


Compound Appearance of cement after 24 hours at 144° C 
Control pistes 
Ethylenedithiol More viscous than control; gelled on 
subsequent exposure to sunlight 
Trimethylenedithiol More viscous than control; gelled on 
subsequent exposure to sunlight 
Tetramethylenedithiol Less viscous than control; gelled on 
subsequent exposure to sunlight 
Pentamethylenedithiol About same viscosity as control; gelled on 
subsequent exposure to sunlight 
Decamethylenedithiol More viscous than control; gelled on 
subsequent exposure to sunlight 
Bis(2-mercaptoethylether More viscous than control; gelled on 
subsequent exposure to sunlight 
Bis(2-mereaptoisopropylether More viscous than control; gelled on 
subsequent exposure to sunlight 
Dodecanethiol Less viscous than control; did not gel 
on subsequent exposure to sunlight 
lert-Butanethiol Less viscous than control; did not gel 
on subsequent exposure to sunlight 
Thioglycolie acid More viscous than control; did not gel 
on subsequent exposure to sunlight 
tert-Dodecanethiol Less viscous than control; did not gel 
on subsequent exposure to sunlight 
2- Mercaptoethanol Less viscous than control; did not gel 


on subsequent exposure to sunlight 


Another experiment was conducted to demonstrate that the dithiol mole- 
cule enters into the GR-S chain. 

To 25 cc. of the 8 per cent GR-S cement were added 40.8 mg. of ethylene- 
dithiol on a watch glass. Five specimens were prepared and exposed to ultra- 
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violet light. The exposure time was varied for five different specimens. After 
irradiation the hydrocarbon was precipitated, acetone extracted, and the com- 
bined sulfur determined. Table V summarizes the results of this experiment. 


TABLE V 


Errect or Exposure TO ULTRAVIOLET IRRADIATION ON VULCANIZING 
Activity OF ETHYLENEDITHIOL (2.04 PER CENT) 


Combined sulfur in 


Time of exposure acetone-extracted sample 
(min.) (percentage) 
0 0.130 
0.50 0.189 
1.00 0.252 
2.00 0.279 
8.00 0.395 


TaBLe VI 
VULCANIZING AcTivITy OF THIOLS PROMOTED BY SUNLIGHT 


Vulcanizing 


Compound activity 
Ethylenedithiol Very active 
Trimethylenedithiol Very active 
Tetramethylenedithiol Active 
Pentamethylenedithiol Active 
Decamethylenedithiol . Active 
Bis(2-mercaptoethyl)ether Active 
Bis(2-mercaptoisopropy!)ether Active 
Dodecanethiol Inactive 
tert-Butanethiol Inactive 
Thioglycolic acid Inactive 
tert-Dodecanethiol Inactive 
2-Mercaptoethanol Inactive 


Pyrex tubes containing GR-S cement and approximately 2 per cent ethy!- 
enedithiol, on exposure to bright summer sun, gelled rapidly (between 0.5 and 
1.5 minutes). Identical preparations protected by Corning light filters of 
various transmission characteristics gave the results tabulated below: 


Filter Wave length (A) Time to gelation 

Tube No. (50% transmission) (min.) 

1 None oc 9 

2 385 3900 30 

3 3060 4100 135 

4 3387 4600 330 

5 3385 4800 360 

6 3384 5100 No gel* 

7 3484 5400 No gel* 

8 2408 6300 No gel* 

9 2404 6400 No gel* 


* After about 1000 minutes. 


Rubber cements.—The rate of gelling as well as the rate of mill scorching is 
much slower for rubber than for GR-S. This is shown in Table VII for a 10 
per cent solution of rubber in xylene. 


DISCUSSION AND CONCLUSIONS 


The expected vulcanizing activity of dithiols has been demonstrated. It 
seems likely that mill scorching results from peroxide-catalyzed thiol addition’; 
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milling at higher temperatures would tend to inhibit reaction by destroying 
peroxides. The development of considerable tensile strength in stocks con- 
taining dithiols and the gelling of cements by dithiols give strong support to 
the thiol addition reaction as a feasible step in sulfur vulcanization, as pro- 
posed in the first two papers of this series. 


TaBLeE VII 
GELATION OF RUBBER CEMENT BY ETHYLENETHIOL 


Experiment 
No. Addition Observations 
l None Remains fluid 
2 Ethylenedithiol Thickens slowly; gelation occurs 
after 5 days’ exposure to after- 
noon sun 
3 Ethylenedithiol plus peroxide* Similar to (2) but gelled after 3 days 


*Unipero X 60. 
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SOME THERMODYNAMIC PROPERTIES OF HIGH 
POLYMERS, AND THEIR MOLECULAR 
INTERPRETATION * 


GEOFFREY GEE 


THe British RuspBeER PrRopucERS’ RESEARCH ASSOCIATION, WELWYN GARDEN City, 
HERTFORDSHIRE, ENGLAND 


INTRODUCTION 


The past decade has witnessed a rapid growth in the understanding of the 
thermodynamic properties of polymers and their solutions. This has been 
achieved largely by the development of statistical theories of rubberlike elas- 
ticity and of the free energy of mixing of polymers with liquids. A number of 
reviews are available dealing with portions of this field of work, but for the 
most part they are addressed to specialist workers. The object of this review 
is to survey in broad outline a number of related topics, without entering into 
detailed discussion of statistical theories. The emphasis is, therefore, laid on 
the experimental thermodynamic data which form the basis for these theories, 
and on their physical significance. An attempt is made to develop the argu- 
ment as far as possible in physical terms, although it must be realized that this 
is essentially a field in which we are concerned with quantitative measurements 
and their mathematical interrelations. 

One fundamental experimental difficulty which is common to nearly all 
the problems to be discussed below is that of ensuring that the system under 
investigation has reached a state of equilibrium. The significance of the con- 
cept of equilibrium in measurements on polymers has recently been very clearly 
discussed by Ubbelohde'. The difficulty arises from the fact that many proc- 
esses in a polymer take place so slowly that they may to a good approximation 
be said not to occur at all during the time involved in an experiment. When 
this is the case, it is clear that the system cannot be assumed to reach a state of 
equilibrium with respect to this particular process. It is, indeed, common to 
find that certain properties of a polymer depend greatly on the previous history 
of the specimen; examples will be given later. Even when this is the case, the 
system may still be in equilibrium with respect to other possible changes, and 
it is, therefore, permissible to apply the thermodynamic criteria of equilibrium’. 
Care is needed in relating the experimental results to theories to make sure that 
the theory is not based on the assumption of equilibrium with respect to changes 
which are so slow as to be virtually negligible. The usefulness of considering 
partial equilibria in this way depends on the possibility of choosing a time scale 
for the experimental work long enough for the rapid processes to be complete, 
and at the same time short enough to exclude other slower processes. 


CRYSTALLIZATION OF POLYMERS 


The most comprehensive study of the crystallization of a polymer is the 
work on natural rubber ; this has been summarized by Wood*. The phenomena 


* Reprinted from the Quarterly Reviews of the Chemical Society, Vol. 1, pages 165-298 (1947). 
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Fic. 1.—Melting range of natural rubber as a function of the crystallization temperature. 


encountered are very much more complicated than in the freezing of a liquid. 
Apart from the possible occurrence of supercooling, the latter is a sharp phase 
change which occurs at a perfectly definite temperature. Crystallization is 
accompanied by the evolution of the latent heat L, and a volume change —AV. 





}-11- 


1-10- 


1-09- 


Vary 











10° 20° 30 40” 50° 
. ik 0 5 i i I i j 
Temperature. 





Fia. 2.—Double melting range in the melting of the sample of stark rubber. 
Arrows indicate the direction of temperature changes. Vp is the specific volume. 
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The freezing point 7, can be altered by the application of a hydrostatic pres- 
sure P, in accordance with the familiar equation‘: 


dT./dP = TAV/L (1) 


In contrast to this simple behavior, a polymer cannot be said to have any 
single freezing point. The crystallization of an amorphous polymer by cooling 
depends greatly on the rate of cooling. If a polymer is allowed to crystallize 
and is then heated, melting takes place over a temperature range, and this 
range depends on the temperature at which crystallization was carried out. 
Figures 1° and 2° illustrate some of the resulting complexities in the melting 
of crystalline natural rubber. Figure 1 shows that, after crystallization at a 
given temperature, it is necessary to raise the temperature by some 5° to cause 
melting to start, and by as much as 20-30° to complete it. It must be empha- 
sized that a time factor is involved in the data thus represented: It is clear 
from Figure 1 that crystallization is possible within the temperature range in 
which melting occurs, and it is only possible to obtain such data because melting 
is a much faster process than crystallization. If crystallization is carried out 
at —30° and the temperature then raised to 0°, the crystals melt, but further 
crystallization then slowly occurs, producing crystals which do not melt com- 
pletely until the temperature is raised to 15°. Another possibility implicit in 
Figure | is the coexistence of two sets of crystals having different melting ranges. 
This possibility has been verified experimentally as shown in Figure 2. A 
sample of ‘‘stark’”’ rubber which had crystallized slowly at room temperature 
had a melting range of 32-39°. A sample was allowed to crystallize further at 
2°; on warming, the crystals were found to melt in two discrete ranges, be- 
tween 5° and 15°, and then between 32° and 39°. 

The phenomena observed in the melting of polythene are much simpler, 
and provided that measurements be made slowly, a reversible volume-tem- 
perature relation is found’, as shown in Figure 3°. The three curves refer 
to three different samples of polythene, and it will be noted that, although there 





BO 


120° 


Specific volume (ces./gm), 


10 


2 
Temperature (C). 
~100 (4) 100 200 











Fic. 3.—Volume-temperature curves for three samples of polythene’, 
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is a sharp break at the point where crystals first appear on cooling the amor- 
phous material, the volume does not change discontinuously at this point. 
The interpretation placed on the region in which an abnormally large coeffi- 
cient of expansion is observed is that it is a range in which the degree of crystal- 
lization varies continuously with the temperature. Similar behavior is shown 
by the heat content®, and Richards!® has estimated from these data the frac- 
tion 6 in the amorphous state, as shown in Figure 4". 
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Fig. 4.—Crystallinity of polythene as a function of temperature", 
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Fig. 5.—Molecular structure of a crystalline polymer!’: (a) unstretched, (6) stretched. 
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It will be noted from Figure 4 that crystallization is never complete, an 
observation which is readily understood in terms of the molecular picture 
of the crystallization of a polymer. The individual crystallite is shown by 
x-ray evidence to be small, of the order of 200-500 A. in the case of stretched 
natural rubber’. It follows that the units from which the crystallites are built 
are almost certainly not whole molecules, but portions of molecules, and that a 
single molecule may pass through several crystallites, as indicated in Figure 5". 
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It is clear that if crystallization commences from a number of points simul- 
taneously, growth from these centers must leave amorphous regions which 
cannot be incorporated into crystals without a very large-scale reorganization, 
involving the temporary melting of many crystallites. Such a process would 
be so slow as to be negligible. 

In considering how to apply thermodynamic methods to the crystalliza- 
tion of polymers, two different problems are involved. The first is that of the 
equilibrium of an individual crystallite in its own environment. There is no 
difficulty in writing down equations, analogous to (1), for the effect of the 
various stresses which may be imposed on the crystallite by its environment, 
and it is evident that when the material is in a steady state at a fixed tempera- 
ture each individual crystallite must be in equilibrium with the stresses on it. 
A qualitative development of this idea provides a ready explanation of the 
phenomena which have been described above. If a polymer is cooled quickly 
to a temperature at which crystallization is possible, a number of crystallites 
start to grow at points where chains are suitably oriented. Growth then takes 
place by the incorporation of neighboring chains, but these can be brought into 
suitable positions only by the slow process of diffusion. The high viscosity of 
the polymer and the mechanical entanglement of the chains retard growth, 
not only by the slowness of diffusion, but also by setting up stresses which are 
only slowly relieved. At any stage of the growth, therefore, the crystallite is 
nearly in equilibrium with its environment to any rapid change of temperature. 
Hence if, at any stage in the crystallization, the temperature is raised a few 
degrees (rapidly), the crystallite starts to melt under the influence of the exist- 
ing stresses. Furthermore, since melting involves no bulk transport of matter, 
it is a rapid process, and a considerable rise of temperature, assisted by the 
stresses in the environment, may therefore cause complete melting, even at a 
temperature at which crystallization is still possible. This is believed to 
provide an acceptable explanation of the phenomena represented in Figures | 
and 2, and of the very striking fact that the melting range shown in Figure 1 
is independent of the extent of crystallization. The fact that such phenomena 
have not been reported for polythene is to be ascribed to the higher tempera- 
tures involved and the lower viscosity of the material; the whole time scale is 
therefore greatly contracted, and the stresses in the individual crystallites due 
to the surrounding amorphous region decay in times comparable with the 
period of observation. In these circumstances the individual crystallites grow 
until they begin to interfere with one another’s growth. Thermodynamically 
this is represented by a system of stresses between the crystallites; incorpora- 
tion of more amorphous material into the crystallites involves an increase in 
these stresses and lowers the melting point!®. An approximate quantitative 
treatment of this problem has been attempted by Frith and Tuckett!® and by 
Richards'®. The basis of the treatment is the assumption that, on the average, 
each chain is partly in an amorphous region and partly in a crystalline region. 
Growth of the crystallites restricts the freedom of the amorphous portions, 
and thus diminishes the configurational entropy of the system!’. It is found 
possible in this way to account semiquantitatively for the melting range of 
polythene shown in Figure 4. It is clear from the foregoing argument that this 
theory should not be applied to the melting of natural rubber, where the equi- 
librium assumed in the theory is not attained experimentally. 

The second thermodynamic problem involved in the crystallization of 
polymers is the interrelation of such quantities as can be measured experi- 














mel 
stre 
in | 
me! 
tio1 
eve 
are 
the 
at 
ine: 


wh 
= | 
rub 
bar 


Th 
of 1 
dy1 
ple. 


per 
the 
at | 
Th 
che 
eX} 
are 
Spe 





1ul- 
‘ich 
on, 
uld 


Za- 
the 

no 
the 
nt, 
Trae 

at. 
the 
kly 
tes 
kes 
nto 
of 
th, 
Are 
1s 
re. 
ew 
st- 
er, 
she 





THERMODYNAMICS AND MOLECULAR STRUCTURE 569 


mentally. In this case we are not concerned with individual crystallites or 
stresses within the material, but simply with observations made on the polymer 
in bulk. Although only a limited equilibrium condition is achieved, measure- 
ments of the changes of volume and heat capacity accompanying crystalliza- 
tion under specified conditions do refer to definite thermodynamic processes, 
even though it may not be possible physically to describe precisely what these 
are. As an illustration we may consider the application of Equation (1) to 
the crystallization of natural rubber. The melting point, 7.e., the temperature 
at which melting was complete, of a sample of stark rubber was found!® to be 
increased by pressure according to the equation: 


logio (p + 1300) = 5.9428 — 875/T 


where p is the pressure in bars. Putting p = 1, we find JT = 311 and dT/dP 
= 0.037 deg./bar. The latent heat of fusion L of a different sample of stark 
rubber having a melting point of 284° K was estimated!’ to be 4.0 cals./g. = 167 
bars ce./g. Equation (1) then gives for the expansion on melting: 


AV = 167 X 0.037/284 = 0.022 ec./g. 


This is in aceord with the values found experimentally for similar samples 
of rubber". Thus the overall process of crystallization can be treated thermo- 
dynamically as if it were a simple phase change, ignoring the physical com- 
plexities of the process. 


TRANSITIONS OF THE SECOND ORDER 


If the volume or heat capacity of a polymer is plotted as a function of tem- 
perature, there may or may not be a region in which occurs a phase change of 
the type described in the previous section. Quite generally, a point is found 
at which the slopes of these curves change sharply, as indicated in Figure 6. 
This discontinuity is described as a transition of the second order, and is 
characterized by sudden changes in the specific heat and the coefficient of 
expansion. Second-order transition temperatures for a number of polymers 
are listed in Table I, taken from a recent review of this subject by Boyer and 
Spencer®®, This transition point is usually accompanied by a change in the 
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Fie. 6.—Volume-temperature relation for amorphous natural rubber in the neighborhood 
of the second-order transition. 
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TABLE I 
SeEcoND-OrDER TRANSITION POINTS FOR SOME HyDROCARBON POLYMERS 





Material Temp. Material Temp. 
Polyisobutylene —74° Polystyrene 81° 
Natural rubber —73° Polyindene 85° 
GR-S rubber —61° 


physical properties of the polymer, from a brittle, glassy state below the transi- 
tion temperatures to an elastic or plastic, extensible state above it. It has 
been generally considered that above this temperature certain new degrees of 
freedom become effective, and indeed it would seem that this must be true. 
Recently, doubt has been thrown on the validity of considering this transi- 
tion as a thermodynamic singularity. It has been shown * that the transition 
temperature of polystyrene can be very greatly lowered by allowing more time 
for the attainment of equilibrium in studying the effect of temperature on 
volume. When the temperature is lowered, say, from 80° to 75°, rapid con- 
traction occurs, apparently: complete within the time required for thermal 
equilibrium, giving a thermal expansivity of about 2.7 X 10-4 deg... If the 
temperature is maintained at 75° for several hours, further slow contraction 
occurs, the final volume change giving a thermal expansivity of about 4.5 X 107 
deg.—!, equal to the value found above the transition point. In other words, 
by reducing the rate of cooling, the transition point can be lowered from 81° 
to below 75°. By proceeding sufficiently slowly, Spencer and Boyer?! were able 
to reach a temperature of 20° without encountering a transition point. Similar 
observations have been recorded for a number of other polymers, and these 
authors have, therefore, concluded that the transition points are not true 
thermodynamic singularities at all. The present author considers this to be a 
misleading conclusion. It is obvious that the transition depends greatly on the 
rate of measurement, but as we have seen, the existence of processes slow com- 
pared with the time of an experiment does not preclude the application of 
thermodynamic reasoning to the limited equilibrium attained under these condi- 
tions. Exactly the same considerations apply here; at a specified rate of heat- 
ing there is clearly an abrupt change in the mechanism of expansion at a certain 
temperature, or at any rate within a small temperature range. This tempera- 
ture can quite properly be regarded as a thermodynamic singularity, in spite of 
its dependence on rate. As an illustration of the usefulness of this method of 
approach, consider the effect of pressure on the transition temperature. Equa- 
tion (1) is not directly applicable to this problem, since AV and L are both zero. 
To evaluate the ratio AV/L, suppose the transition from one state to the other 
to occur at a temperature A7’ above the equilibrium transition point. AV 
would then be given by V-AaAT, where V is the molar volume of the material 
and Aa the difference in expansivities above and below the transition. Similarly, 
the latent heat of the transition would no longer be zero but AC,-AT, where 
AC, is the difference in the specific heats above and below the transition. 
Combining these, we have: 
AV/L = VAa/AC, (2) 


Since this is independent of AT, it is also true at the transition point. Hence, 
from (1): 
OT/OP = TV -Aa/AC, (3) 


This equation has been used by Keesom” in discussing the second-order transi- 
tion between helium I and helium IJ; it does not appear to have been applied 
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to polymers. Scott?’ found that the transition point of a sulfur vulcanizate of 
natural rubber containing 19.5 per cent of combined sulfur was increased from 
36° to 45° by applying a pressure of 800 bars. Thus for this material 07/dP 
=(0.011 deg./bar. Values of Aa and AC, for rubber hydrocarbon can be ob- 
tained from the data of Bekkedahl and of Bekkedahl and Matheson'®. These 
vive: 

V-Aa@ = 0.0004 ec./g.-deg.; AC, = 5 bars cc./g.-deg. 


Hence 07'/0P = 200 X 0.0004/5 = 0.016 deg./bar. This is of the same 
order as the value found by Scott for the vulcanizate. 


RUBBERLIKE ELASTICITY 


It is a simple matter to extend the usual discussions of the thermodynamic 
properties of a material to take account of the work done on the body when a 
force is applied to it*. In general, experiments on the elastic extension of 
materials are carried out isothermally and at atmospheric pressure; in these 
circumstances, the force f required to produce a simple extension of the length 
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Fic, 7.—Thermodynamics of the elastic extension of stcel. 
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Fig. 8.—Thermodynamics of the elastic extension of rubber. 





lis related to the Gibbs free energy of the material as follows: 


dG 
i= (3). “ 


This increase in the Gibbs free energy which occurs on stretching can be di- 
vided in the usual way into changes in heat content (H) and entropy (S). 
To do this it is necessary to study the effect of temperature on the force re- 
quired to maintain a fixed length /. We then have: 


(2) (2) . 
al /rp OT / Pp. - 


OE ~ (oH oo af . 
(Fr) oem ( al , so did ($f). (6) 


To a very good approximation for materials in a condensed phase, changes of 
heat content during processes at normal pressures may be equated to the corre- 
sponding changes of internal energy (£); this approximation is made through- 
out the following discussion. 
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Kquations (4), (5), and (6) are perfectly general and apply to any elastic 
material. Very different values are, however, found when these equations 
are applied on the one hand to metals, and on the other to rubberlike polymers. 

Some typical data are plotted in Figure 7** for steel and in Figures 8*4 and 
9°6 or pure-gum vulcanizates of natural rubber, using as variable, not the length 
l, but the extension ratio a, equal to l/lo, where lo is the unstretched length. 
Comparing the two figures, a number of striking differences are apparent: (1) 
The great difference of extensibility, viz., about 1 per cent for steel up to 1000 
per cent for rubber. (2) The very much larger modulus of elasticity of steel 
(about 10° times larger than for a typical rubber). (3) The relative importance 
of the entropy and energy contributions. The extension of steel is accom- 
panied by a considerable increase of entropy, the rate of increase being prac- 
tically constant, and the force may be said to be due in the main to the increase 
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Fic. 9.—Thermodynamies of the elastic extension of rubber. 


of internal energy. Sufficiently small extensions of natural rubber also involve 
increases of both entropy and internal energy, but at larger extensions the 
contribution of internal-energy changes to the force becomes relatively un- 
important. Over most of the extension range, the entropy of extension is 
negative, and makes the major contribution to the observed force. (4) The 
extension of steel is accompanied by a considerable bulk expansion (AV)?’, 
reflected in its low Poisson’s ratio. Small elongations of natural rubber take 
place with only very small changes (increases) in volume, but at large extensions 
there is a considerable bulk contraction. 

Taking these observations in this order, we shall now consider what qualita- 
tive conclusions can be drawn as to the molecular mechanisms involved. It is 
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clear in the first place, from the very high extensibility and low modulus of 
elasticity, that the processes involved in the deformation of rubberlike polymers 
differ fundamentally from those operative in metals. In the latter, extension 
involves essentially the separation of atoms without change of their relative 
positions ; the possible movement is small, and the opposing forces large. The 
large deformations possible in rubberlike materials must necessarily involve 
considerable relative movements of molecules, and the forces applied are too 
small to produce appreciable changes of interatomic or intermolecular distances. 

The most striking thermodynamic feature of the extension of rubber is the 
large decrease of entropy over a wide range of deformation. This has been 
interpreted in terms of the decreased freedom of the individual molecules. 
Rubberlike polymers are essentially linear in structure, and their molecules 
possess a high measure of flexibility. In general, most or all of the links in the 
chain are single C—C bonds, about which rotation can occur more or less freely. 
As a result, the chain takes up a series of ever-changing configurations. Of all 
these configurations, only one gives the chain its maximum outstretched length, 
whereas in most configurations the chain is extensively kinked, with its ends 
much closer together. The overall shape and length (7.e., end-to-end distance) 
of any individual molecule tends to change randomly, but it is evident that a 
molecule must have some statistically most probable length. In a piece of 
rubber, the molecules are not altogether free, their motions being restricted by 
the presence of neighboring chains to which they are held by van der Waals 
forces. Vulcanized rubbers possess in addition a number of cross-links, where 
molecules are joined chemically. Qualitatively, these restrictions do not affect 
the essential features of the picture. In the undeformed rubber, the molecules 
tend to be highly kinked; extension of the rubber involves a net straightening 
of molecules, which are thus constrained to take up less probable configurations. 
It is this process which accounts for the observed decrease in entropy on ex- 
tension. 

The expansion of a material when stretched is a normal feature of the 
elastic behavior of all isotropic materials. Its origin may be understood 
physically by considering the applied force as made up of two shears and 
a hydrostatic tension. So long as the material is isotropic, the effect of a 
tensile force is the same as that of two shear stresses which change the shape 
of the material without affecting its volume, and a hydrostatic tension which 
causes the material to expand?*. The hydrostatic component is equal in mag- 
nitude to one-third of the tensile stress. Hence if Y is the Young’s modulus 
of the material [= (0f/dl)p,r] and K its compressibility [= — (0V/dP)p/V ]} 
the relative expansion AV/V produced by a small extension (in the ratio a) is 
given by: 

AV/V = 3YK(a — 1) (7) 


In terms of Poisson’s ratio ¢ we have the familiar expression: 
2a =1-3YK (8) 


The very small expansions accompanying the extension of rubber (o ~ 0.4999) 
are thus directly related to its low Young’s modulus. 

The contraction observed at larger elongations is evidence that the material 
is no longer isotropic. The large contraction observed in natural rubber at 
elongations greater than about 300 per cent arises from crystallization, and 
may indeed be employed as a relative measure of the extent of crystallization". 
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In these volume changes, the packing of the molecules is changed, and work 
is done by or against the intermolecular forces. Consequently, changes occur 
in the entropy and internal energy of the material, an expansion being ac- 
companied by increases of both quantities. The effects of these changes on 
the free energy nearly cancel, thus leaving the force required to stretch the 
rubber almost the same as‘it would have been had the volume been maintained 
constant by applying a hydrostatic pressure*. To a first approximation, the 
increase of internal energy on stretching produced in this way is equal to the 
increase resulting from the application to the unstretched material of a hydro- 
static tension sufficient to produce the same expansion. This will be strictly 
true for small elongations of any isotropic material. Now this quantity can be 
calculated thermodynamically, and it can thence be shown that: 


dE oH . 
eal ay = 4Y6T 9 
( dl 7 ( dl Mins 3¥B (9) 


where 8 is the coefficient of cubical expansion. This is a perfectly general 
relationship, holding, e.g., both for steel (Figure 7) and for natural rubber 
(Figure 8). Two consequences may be noted: (a) Experimental data on an 
isotropic material which do not agree with Equation (9) must necessarily be 
wrong. (b) The observed increase of energy and entropy for small extensions 
of rubber are completely unrelated to the mechanism of deformation. 

Meyer and van der Wyk?®® have recently pointed out that measurements of 
the shear modulus of rubber are free from the complications arising from these 
volume changes, since a shear stress has no hydrostatic component. It is 
indeed easy to show that if w is the amount of shear, then for any isotropic 
body: 





(9H/dw)p,r.s-0 = 0 (10) 
THE ELASTICITY OF AN IDEAL NETWORK 


The main conclusion from the thermodynamic data of Figures 8 and 9 is 
that the restoring force in a stretched rubber arises from the decreased entropy 
associated with the straightening out of the randomly kinked molecules. 
Several attempts have been made to calculate the force by applying the 
methods of statistical mechanics to an idealized model of the system*®. To do 
this, it is necessary to compute the number of configurations go of the system 
before stretching and the reduced number g; after stretching. The deformation 
being assumed to take place without change of volume or internal energy, the 
entropy increase AS, is then given, by the application of Boltzmann’s equation, 
by: 


ASa = R In (9:/go) (11) 


The model employed in all the treatments published hitherto represents the 
molecule by a series of equal links, joined end to end and oriented at random. 
No account is taken of the volume of the links, and impossible configurations 
in which two links occupy the same position. in space are not excluded from the 
computation. These chains are linked together at a number of points so as to 
constitute a three-dimensional network, in which the length of a segment, 7.e., 
the distance measured along a chain from any junction point to the next, is 
constant. For not too large extensions, the force per unit area of the unstrained 
rubber at an extension ratio @ is given by an expression of the form: 


f = Bla — 1/2") (12) 
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More generally, the work W done in deforming a unit cube to a block of sides 
Ai, Ae, As (Where A;AcA3 = 1) is found to be: 


W = 3B(At + Ae + As? — 3) (13) 


The quantity B has been variously estimated: we shall adopt here the value 
given by Wall *°, which may be put in the alternative forms: 


B = NkT = pRT/M. (14) 


‘ 


where N is the number of chain segments, M, is the ‘molecular weight” of a 
segment, and p is the density of the rubber. Equations (12) and (13) are valid 
only for small deformations; if any of the chains approach their fully stretched- 
out length, (12) must be replaced by a more complex expression, due to Guth 
and James*®, which may be written: 


f= Bas | L- (<) —a iL (—)} (15) 
ao ao 


where ap is the limiting extensibility of the network, and L™ denotes the inverse 
Langevin function, defined by: 


] 
L(x) = cothr —--=y (16) 
x 


Ly) = z (17) 


It will be noted that Equations (13) and (14) define the entire elastic be- 
havior of a rubber at not too large deformation in terms of a single molecular 
parameter, which measures the extent to which the rubber is cross-linked. 
To take account of large deformations, it is necessary to introduce, as a second 
parameter, the ultimate extensibility. Treloar*® has related this also to the 
degree of cross-linking, thus leaving only one adjustable parameter available 
to fit the whole stress-strain curve. 

These theoretical stress-strain curves may be compared with experiment 
in a variety of ways. Treloar** has examined the validity of the form of 
Equation (13) by measuring, on a single specimen of rubber, stress-strain 
curves in (1) elongation, (2) compression, (3) shear, and (4) a combination of 
(1) and (3). Some of his results are shown in Figure 10; the most striking 


feature of them is the way in which a single parameter describes the elastic 
behavior in four different types of measurement. The agreement between 
theory and experiment is not quantitatively accurate, but the present author 
has shown* that a considerably closer fit is obtained if experiments are carried 
out on rubber highly swollen with a liquid. The elastic behavior can be more 
accurately described by the two-constant equation deduced by Mooney” 
on more general mathematical grounds, not involving any molecular model. 

Equation (15) leads to a stress-strain curve in qualitative agreement with 
Figure 9, f becoming infinite at a = a. By treating ao as an adjustable 
parameter, the stress-strain curve of a pure-gum natural rubber has been 
reproduced almost exactly up to 400 per cent elongation. The value of ao 
required is, however, considerably less than that calculated by Treloar from 
the degree of cross-linking*®. As we shall see below, the form of the curve at 
high elongations is in any case highly dependent on crystallization; Equation 
(15) would not be applicable in such circumstances. 





z 
FS 





link 
bel 
qui 
tim 
the 
vul 
soli 
con 
can 


fac 
rub 


pro 
the 
to 

Cr 


is g 


wh 
ten 
ery 





ilid 
ed- 
uth 


Tse 


16) 
17) 
be- 
lar 
ac, 
nd 


he 
ble 








THERMODYNAMICS AND MOLECULAR STRUCTURE 577 





20 


75 


. 10 








Load, kg./cm2 of original section. . 
a 


_ -. = 
Extension ratio, o. 
os 
a 
-10 











Mic. 10.—Stress-strain data for natural rubber vulcanizates in (a) compression, 
(b) simple elongation, (c) shear. Broken curves calculated. 


The final test to be applied concerns the significance of the degree of cross- 
linking. Meyer and van der Wyk* have recently argued that the elastic 
behavior of rubber is not determined by cross-linking, as Equation (14) re- 
quires, but their data, obtained by applying very small deformations for short 
times, hardly seem to constitute an appropriate test. Flory®® has shown that 
the values of M, deduced from the elastic behavior of a series of Butyl rubber 
vulcanizates are in satisfactory agreement with values deduced from their 
solubility. A similar conclusion has been reached by the present author*®® by 
comparing M, with the amount of sulfur combined in a series of sulfur vul- 
canizates of natural rubber. 

The statistical theory of an ideal network thus appears to give a very satis- 
factory semiquantitative account of the equilibrium elastic behavior of real 
rubbers, relating the elastic moduli to a definite molecular property of the rubber. 


CRYSTALLIZATION OF STRETCHED POLYMERS 


The crystallization of polymers on stretching presents two thermodynamic 
problems: (1) the effect of a tension on the melting point of a polymer and (2) 
the effect of crystallization on its elastic behavior. The first is closely analogous 
to the effect of a hydrostatic pressure, already discussed in the section on 
Crystallization of Polymers. It may be shown*’ that the effect of a tension f 


is given by: 
aT T-Al 
i} a. a 18 
& ), L+f-al ™ 


where Al is the increase in length of a specimen (held under constant tension, 
temperature, and pressure) consequent on the occurrence of a small amount of 
crystallization, and L, is the latent heat of fusion of this same amount of erystal- 
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line polymer. There do not appear to be any data available for comparison 
with this equation, but a very simple argument shows that Al must be positive. 
If we consider an amorphous polymer held at constant length, crystallization 
occurs only if the Gibbs free energy is thereby reduced. Since the tension f 
is equal to 0G/9dl, it follows that f must be reduced by any spontaneous process. 
The reduction of tension on slow crystallization is, in fact, a well-known 
phenomenon; under certain conditions, f may actually fall below zero, as shown 
by a tendency for the material to become bowed**. With the experiment. in 
mind, it is easily seen that probable values of Al and L; may well make 077/0f 
of the order of 1 deg./kg. for a specimen of 1 sq. em. cross-section. This is 
consistent with the observation that natural rubber can be made to crystallize 
by stretching, even at temperatures nearly 100° above its normal melting 
point®®, The molecular explanation of this rise of melting point on stretching 
is, of course, to be found in the improved alignment thus produced. 

The effect of crystallization on the elastic behavior of a polymer is complex. 
We have already noted that crystallization reduces the tension in a sample 
held at constant length. On the other hand, once crystallites are formed they 
increase the modulus of elasticity because they act effectively as cross-links, 
surviving unchanged during further elongation of the rubber, although by 
their presence they prevent the rubber from taking up its most stable state. 
This behavior is due, of course, to the extreme improbability of the coépera- 
tive process needed to permit the crystallites to melt and then reform in more 
favorable configurations. The extension of a polymer when crystallization 1s 
occurring is thus not an equilibrium process, and the statistical equations noted 
in the section on the Elasticity of an Ideal Network should not be applied to it. 

The considerations set out in the last paragraph have an important bearing 
on the experimental problem of studying the thermoelastic behavior of erystal- 
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Fria. 11.—Stress-strain curves for a natural rubber vulcanizate at three temperatures. 
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iG. 12.—Vapor pressure curves of (a) benzene in rubber, (b) agar-agar in water. 


lizable polymers. If a series of complete stress-strain curves are plotted at 
different temperatures, the elongation at which crystallization commences 
increases progressively with rise of temperature, with the result that at high 
temperatures the polymer tends to be more highly extensible, and its stress— 
strain curve is generally below that found at lower temperatures; some typical 
results for natural rubber*® are given in Figure 11. At the same time, if the 
length of the specimen is fixed, while the temperature is varied, 0f/0T is found 
(at nearly any elongation) to be positive. The explanation of this discrepancy 
is that in comparing complete stress-strain curves measured at different tem- 
peratures, we are in effect comparing two different materials; the apparent 
temperature coefficient obtained from such a comparison has no thermodynamic 
significance. 


THE ABSORPTION OF VAPORS BY POLYMERS 


Vapor-pressure curves of swollen polymers fall broadly into two types, 
represented by the data for benzene in rubber* and agar-agar in water®, 
illustrated in Figure 12. The former are everywhere convex towards the vapor- 
pressure axis, while the latter are sigmoid, with the opposite curvature at low 
vapor pressures. Thermodynamically, the vapor pressure is related to the 
Gibbs free energy of dilution, denoted by the symbol AG». This is defined as 
the increase in the Gibbs free energy of the whole system when one mole of 
liquid is transferred from a reservoir of pure liquid to a large bulk of the swollen 
polymer. Alternatively, we may say that AG» is equal to the difference of 
chemical potential of the liquid in the swollen polymer and in the pure liquid. 
It may be shown" that for any polymer liquid system: 


AG» = RT |n (po m /n0°) (19) 


Where po” and po’ are the vapor pressures of the swollen polymer and of the pure 
liquid. The only assumption involved in the derivation of Equation (19) 
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is that the vapor behaves as a perfect gas. This is usually a fairly good approxi- 
mation, which can be corrected if necessary by replacing the vapor pressures 
by fugacities. No assumptions are made about the nature or structure of the 
polymer, and the equation is in fact valid for solutions generally. 

The free energy of dilution can be separated into the heat AHo and entropy 
AS, of dilution, if vapor-pressure data are available at different temperatures, 
the necessary relationships being: 


ASo = = (OAG)/AT)P no 


, AGo. | 
(a“Faz) 


The temperature coefficients must be measured at constant weight composition 
of the swollen polymer, and it is important to note that they are frequently 
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Fic. 13.—Heats and entropies of dilution: (a) benzene in rubber; (6) agar-agar in water. 


sufficiently small for vapor pressures to require correction for departure from 
perfect-gas behavior. 

When this type of analysis is applied to the data of Figure 12, very different 
results are obtained, as shown in Figure 13. The heat and entropy of dilution 
of rubber by benzene are both positive, and this is generally found to be the 
case for nonpolar polymers*. Highly exothermic swelling is characteristic of 
the absorption of water by polymers in which it is appreciably soluble. These 
invariably contain polar groups to which water molecules could attach them- 
selves by hydrogen bonding, and there is little doubt that this is the reason for 
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the large heat evolution observed. In attempting a quantitative statistical 
treatment of the absorption of vapors, these two types of system require sepa- 
rate consideration. 

The positive heat and entropy of dilution found for nearly all nonaqueous 
systems affords strong evidence that absorption results simply from the 
tendency of the solute molecules to diffuse into the polymer by virtue of their 
thermal energy. The observed entropy of dilution is thus taken to represent 
the increase of configurational entropy consequent on mixing the small mole- 
cules with the large ones. Another way of looking at this is to say that the most 
probable way in which the available space can be occupied by the polymer and 
the liquid“ is a random distribution of the two components. This method of 
approach lends itself to quantitative treatment, since it permits the use of the 
Boltzmann relation between the entropy and probability (W) of a state: 


S=kinw (21) 


If W, and W; are the probabilities of the random mixture and a state of com- 
plete separation, the increase of entropy AS on mixing is thus given by: 


AS = kin (W,/W2) (22) 


The problem of evaluating W1/W: has been approached by considering the 
solution to be arranged on a regular lattice, so defined that each molecule of 
liquid occupies one, or a small number of lattice points, while the polymer oc- 
cupies a large number of points forming a continuous succession of nearest 
neighbor sites. The method has been outlined recently** and only the simplest 
form of the final result is quoted here. If the liquid molecule is sufficiently 
large or flexible to require several lattice points, the entropy of mixing calcu- 
lated is found to be nearly independent of the particular lattice chosen. If x 
is the ratio between the molecular volumes of the polymer and liquid, and v, 
the volume fraction of the polymer, then: 


ASo=™ — R{ln (1 — v,) + »,(1 — 1/z)} (23) 


Except in dilute solutions the term 1/z is generally negligible, and the equation 
then takes a very simple form, completely free from any molecular parameters. 
In other words, according to this theory, the entropy of dilution of any polymer 
by any liquid should be the same. 

The molecular origin of the heat of mixing lies in the change of intermolecular 
contacts. Mixing involves the separation of polymer chains to make room for a 
molecule of liquid, which has to break loose from its neighbors before it is free 
to take up the vacant site. Once there, it is strongly held, and in general the 
energy of the polymer-liquid contacts does not differ widely from that of the 
contacts they replace. It is this which makes the problem of calculating the 
heat of mixing so difficult. Indeed, the existence of different kinds of inter- 
molecular force would seem to preclude the possibility of any simple theory of 
general applicability. Fortunately, for nearly all but hydroxylic compounds, 
much the most important forces are the dispersion forces, and by neglecting 
all others, a very simple treatment can be given. This method was widely 
and successfully applied by Hildebrand** to liquid mixtures, and may also be 
used for polymer-liquid systems‘’?. This treatment gives the heat of dilution 
in terms of the cohesive energy densities (C.E.D.) of the components. The 
C.E.D. is the energy needed to separate all the molecules in 1 cc. of a substance; 
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for a liquid it is equal to the latent heat of evaporation at constant volume 
(per ee.). Denoting the C.E.D.’s of liquid and polymer by éo, ¢,, the calculated 
heat of dilution is: 

AH» = Vo(v/eo = V er)"; (24) 


where Vo is the molur volume of the liquid. The C.F.D. of the polymer is 
not so readily obtained. An approximate estimate can be made from the 
chemical structure of the polymer, but this would scarcely be sufficiently pre- 
cise to use in Equation (24). A method of deducing it from the swelling of a 
non-linked polymer has been described*’, this is based on the assumption that 
Equation (24) is valid, or at least that AHo = 0 when eo = e,. In general, 
Equation (24) is not quantitatively accurate for liquid mixtures, and in most 
discussions of polymer-liquid mixtures, it has simply been assumed that 
AH, is proportional to v,, By combining a term of this form with Equation 
(23), Huggins*® obtained for the free energy of dilution: 


AGo = RT{In (1 — v,) + o-(1 — 1/2) + pe? } (25) 


Except for dilute solutions, v,/x may be neglected, and combination of (19) and 
(25) gives the vapor-pressure isotherm : 


Po™ = po(l — v-) exp. (ve + pe,?) (26) 


This equation has proved astonishingly successful in representing vapor- 
pressure data over a wide concentration range, with a single value of uw. Re- 
cently, however, it has been pointed out*® that systems of limited miscibility 
show a systematic deviation, represented by a decrease in uw as the amount of 
vapor absorbed approaches the saturation value. The importance of this in the 
determination of two-phase equilibria is discussed below. It should also be 
stressed that at least part of the success of the isotherm arises from a compensa- 
tion of errors. The form of Equation (24) is based on a model which requires 
each segment of polymer, molecule in an infinitely dilute solution to be com- 
pletely surrounded by solvent molecules. For polymers with flexible chains 
this is clearly not true: random linking of the chain results in many intramolecu- 
lar contacts. The effect of this is to reduce AH /v,? in dilute solutions; this 
has been demonstrated experimentally for rubber in benzene“, and is believed 
to be a general phenomenon; wu remains relatively unchanged because there 1s a 
compensating reduction in ASo. 

The above treatment is based on an assumed randomness of the solution, 
but the existence of a finite heat of mixing tends to favor the states of lower 
energy. It has been shown” that this effect is negligible for the heats of mixing 
normally encountered in relatively nonpolar systems. The sorption of water 
by a highly polar polymer represents the other extreme of behavior. It is now 
generally recognized that the first amount of water to be taken up is exother- 
mally attached to specific polar groups", the order thus imposed on the system 
being reflected in the negative entropy of dilution. There is still much discus- 
sion as to the mechanism of absorption of the remainder®, and it would be out 
of place in such a review as this to attempt to hold the balance between the 
different points of view. The various isotherms which have been deduced 
generally contain three adjustable parameters, and not unnaturally they can 
be made to fit a simple curve such as that shown in Figure 12 very well. Some 
of the possible complications of the systems studied will be referred to below. 
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THE OSMOTIC AND SWELLING PRESSURES OF POLYMER 
SOLUTIONS AND GELS 


This problem is very intimately related to the preceding one, the osmotic 
or swelling pressure JJ being given by: 


AG, = — IIV, (27) 


where Vo is the partial molar volume of the liquid in the solution. In general, 
osmotic pressures are only measured in solutions sufficiently dilute to justify 
replacing In (1 — »,) in Equation (25) by —v, — 40,2. Combination with (27) 
gives for the osmotic pressure: 


RT 
Vo 





I~ { + (4 — wo? | (28) 
x } 
This equation has been widely used in interpreting osmotic data for polymer 
solutions**, but is open to criticism on the grounds that dilute solutions are not 
accurately described by the present theory. Attempts® to formulate a more 
precise statistical theory of dilute solutions have not yet made very much 
progress. For the purpose of determining the molecular weight of a polymer 
from osmotic data, the precise form of Equation (28) is immaterial, the im- 
portant conclusion being that at infinite dilution the only remaining term is the 
first, a, equivalent to the familiar van’t Hoff form RT'c/M, where c is the 
0 

concentration and M the molecular weight of the solute. It can be shown™ 
by a very general argument that this must necessarily be the case for solute 
particles of any size or shape. Hence the molecular weight can always be 
determined by extrapolating osmotic data to infinite dilution, this being most 
conveniently done from the approximately linear plot of /7/c against c. 


THE SOLUBILITY OF POLYMERS IN LIQUIDS 


The conditions for the coexistence of two condensed phases in equilibrium 
in a binary system of polymer + liquid may be put in the form: 


Ho” = Mo" ‘ 
Mr = a _ 


where jo, wr are the chemical potentials of liquid and polymer and the indices 0, 
r refer to the phases which are respectively dilute and concentrated with respect 
to polymer. These conditions are, of course, identical with those for two 
phases in any binary system, but the polymer-liquid system is peculiar in that, 
in nearly all circumstances, one phase is experimentally indistinguishable from 
pure liquid; the second equilibrium condition is then meaningless and yo is 
the chemical potential of the pure liquid. In these circumstances the two 
Equations (29) may be replaced by: 


AGo = 0 (30) 


where AG» is the Gibbs free energy of dilution of the concentrated phase. 
Thus a polymer is completely miscible with a liquid if AG» is negative at all 
concentrations. This is equivalent to considering the equilibrium as an osmotic 
equilibrium (with II = 0) in which the polymer is unable to enter the dilute 
phase. If the polymer is cross-linked, this method is precise; for linear poly- 
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mers it is adequate for most purposes. The observation which justifies this 
simplification means that in general a liquid is either miscible with a polymer 
in all proportions, or does not disperse it to any measurable extent*®; this be- 
havior is readily predictable from Equation (25). 

According to the theory of nonpolar systems outlined in the section on the 
Absorption of Vapors by Polymers, the factor tending to make AG» positive, 
and thus leading to separation into two phases, is a large positive AH». Equa- 
tion (24) suggests that this will be found in the case of a polymer and liquid 
differing appreciably in C.E.D. Although this is not an invariable rule, it has 
proved very useful*. In selecting a solvent for a given polymer, the most 
likely choice would usually be one having a C.E.D. close to that of the polymer. 

This analysis is readily extended to the solubility of polymers in mixed 
liquids**, If there are two liquids, there are three equilibrium conditions, 
analogous to (29), but as in the case of a single liquid, one of these may usually 
be omitted. The remaining two are more complicated this time, since in 
general the liquid adsorbed by the polymer differs in composition from the 
liquid in equilibrium with it, and express the fact that there must be no change 
of Gibbs free energy on a small transfer of either liquid component from one 
phase to the other. 

There are six types of intermolecular contact to consider in a ternary mix- 
ture, and the heat of mixing of the two liquids influences the solvent power of 
the mixtures very considerably. It may be shown®** that, if this heat of mixing 
is large, the solvent power of the mixture exceeds that of the components 
separately. This behavior seems very natural on a crude physical picture, 
the large heat of mixing of the components tending to drive them away from 
one another, which is possible only if they both mix with the polymer. The 
conditions for enhancement of solvent power on mixing are readily formulated 
in terms of the C.E.D.’s of the liquid and polymer; it is necessary that the 
C.E.D. of the polymer be intermediate between those of the liquids. This 
prediction has been verified by using it to select pairs of liquids which, though 
individually nonsolvents for a given polymer, would dissolve it when mixed; 
Table II gives some typical results. 


TABLE II 
SoLuBiniry or GR-S in Mixep Liquips 


Solvent Nonsolvent 
Solvents Nonsolvents mixtures mixtures 

(a) n-Hexane 55 (d) n-Pentane 50 (d) + (e) 
(b) Ethyl ether 58 (e) Ethyl acetate 80 (d) + (f) (e) + (f) 


(c) Isobutyl acetate 69 (f) Methyl acetate 89 


The number following the name of each liquid is its C.E.D.; the estimated C.E.D. of GR-S is 63 
cals./ce. 


The solubility of crystalline polymers presents some new features of interest 
and practical importance. The two-phase equilibrium in a saturated solution 
of a completely crystalline material is of a different type from that previously 
considered, since the solvent is absent from the solid phase. There is therefore 
only one equilibrium condition to be satisfied; this may be put in the form: 


AG, = 0 (31) 


where AG, is the molar increase of Gibbs free energy accompanying the dis- 
solution of crystalline solute in the solution. Since the dissolved material is 
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essentially liquid, the process of solution may be considered to take place in 
two stages, involving, first, melting of the crystals, then mixing of the liquid 
with the solvent. If the free-energy changes in these two steps are AG; and 
AG,, the former must be positive, since the crystals are stable with respect to 
their melt. This positive contribution of AG, has to be balanced by an equal 
negative term AG;,; if AG; is large the saturated solution will therefore be dilute. 
For a substance of low molecular weight AG; is simply related to the melting 
point 7’, and molar latent heat of fusion L;: 


AG, = L,(1 — T/T;) (32) 


Combination of this expression with the value of AG, appropriate for ideal 
solutions gives an equation for the solubility in terms of L; and 7';; this has been 
found very successful for relatively nonpolar systems involving solutes of low 
molecular weight*®. ‘ 

When the solute is a polymer, the problem becomes much more complex, 
as will be evident from the discussion of crystallization in the section on the 
Crystallization of Polymers. The polymer is never wholly crystalline, and the 
crystalline and amorphous regions are so intimately related structurally that 
practically no molecules are free to disperse in the liquid until almost the 
whole of the crystallites has melted. At this point the polymer becomes 
amorphous, and its solubility is determined by the factors already discussed. 
The essential new feature to be investigated therefore is the effect of a liquid 
on the melting point of the polymer. Richards'® has ineluded this problem 
in the statistical mechanical treatment of crystallization. The effect of the 
liquid on the crystalline-amorphous equilibrium is calculated by introducing 
the entropy of mixing of the hquid with the amorphous regions, using an 
equation equivalent to (23). The final expression for the melting point is 
somewhat complex, and contains three more or less adjustable constants, 
hut it is very successful in reproducing the general effect of additions of low- 
molecular substances to polythene: the melting range is lower and melting 
becomes still more gradual. 

It is well known that fractional solution or precipitation may be employed 
to separate heterogeneous polymers into fractions more or less homogeneous 
in molecular weight. The whole subject of polymer fractionation has been 
recently reviewed*’, and only a few points need to be noted here. In general, 
fractionation is carried out by using critical mixtures of solvent and nonsolvent, 
the molecular weight which just dissolves having been found experimentally®® 
to be simply related to the fraction p of precipitant: 


1/M =A+ Bp (33) 


An equation of this form can be derived®’, with certain approximations, from 
the statistical theory outlined in the section on the Absorption of Vapors by 
Polymers. The thermodynamic formulation of the two-phase equilibrium 
existing when a part of the polymer has been precipitated from solution is 
complex. Even if the distribution of molecular sizes is replaced by two species, 
there are four equilibrium conditions to be satisfied, one for each component of 
the system. In this case, since we are concerned with solutions of finite concen- 
tration, none of these is negligible. 

To treat the problem statistically, the theory described in the section on the 
Absorption of Vapors by Polymers must be extended to the mixing of two 
polymers. This has been carried out by E. A. Guggenheim, whose solution 
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gives for the entropy of mixing AS,, of n;, n; --- moles of polymer in the volume 
ratio v;, v, °°: 
ASm = — kDCn; Inv, (34) 


The heat of mixing of homologous polymers may be assumed to be zero, and 
their heats of solution in a given liquid proportional to their molecular weights. 
It is thus a straightforward matter to express the thermodynamic equilibrium 
conditions in terms of molecular quantities, but the resulting set of simultane- 
ous equations has not yet been solved in any complete way. In the opinion 
of the present author, it is doubtful whether the present status of the statistical 
theory justifies the labor involved in numerical solutions. 

A rather simpler problem is presented by the mutual solubility of polymers. 
Dobry® has shown that, in general, if solutions of two different polymers in the 
same solvent are mixed, two phases are formed. The higher the concentration 
of the solutions, the more completely do the two polymers separate in the two 
phases. Of thirty-five pairs of polymers examined, only four formed single- 
phase systems over the whole concentration range studied Dobry has sought 
to explain this behavior in terms of complex formation, but in the opinion of the 
present author a phenomenon of such generality must almost certainly have a 
simple general explanation. In fact, such an explanation is implicit in the 
order of magnitude of the entropy of mixing given by Equation (34). 

Let us consider various binary mixtures of two liquids each of molar volume 
100 cc. and two polymers each of molar volume 100,000 cc. The increases of 
entropy (X7') on mixing 1 cc. of each of two components at room temperature 
are approximately : 


(a) Two liquids 8.3 cals 
(b) Liquid + polymer 4.15 cals. 
(c) Two polymers 0.0083 cal. 


This entropy of mixing of two polymers is so small that even a very small 
positive heat of mixing would result in almost complete immiscibility. Since 
for most pairs of polymers AH,, is likely to be positive and of the same order of 
magnitude as for liquid mixtures®, it appears certain that most pairs of polymers 
will be immiscible. The high viscosity of polymers makes this very difficult 
to test directly with dry polymers, but Dobry’s work affords convincing evi- 
dence of its truth. The presence of a common solvent for the two polymers 
of course tends towards the formation of a single phase. The three equilibrium 
conditions defining the two-phase systems described by Dobry are easily 
formulated in terms of the statistical theory of polymer solutions, but do not 
appear to be explicitly soluble, and have not yet been examined numerically. 
It can be said with confidence that they are in qualitative agreement with the 
experimental observations. 


THE SWELLING OF POLYMERS IN LIQUIDS 


This problem is of course only the limiting case of the absorption of vapors 
by polymers, when the vapor is saturated. Owing to its practical importance 
and experimental simplicity, it has been the subject of a good deal of work, 
and therefore merits special reference here. In this section, attention is con- 
fined to polymers which are totally insoluble in the liquid concerned, so the 
equilibria to be discussed are osmotic equilibria defined by the single thermo- 
dynamic condition: 

AG, = 0 (30) 
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For a linear polymer, combination of this condition with the statistical expres- 
sion (25) for AGo, gives (v,/x being neglected) : 


In (1 ag Ur) i Uy + hu; = 0 (35) 


It is convenient for the purpose of this section to rewrite this in terms of the 
volume of liquid Qn imbibed by unit volume of polymer at saturation: 


In (1 + 1/Qm) = (Qm + 1) + #(Qm + 1) (36) 


This has a positive solution if u > 0.5, so a polymer-liquid combination having 
uw > 0.5 should not be completely miscible. Doubt has recently been cast on 
this conclusion by some data on polystyrene in diethyl ketone and n-butyl 
acetate. Baughan™ has reported that the vapor pressures of these systems 
give » values of 0.67 and 0.82, respectively, yet both liquids are solvents for 
polystyrene. For these systems then, uw is not independent of concentration, 
and it is shown below that there is evidence of similar discrepancies in the 
swelling of natural vulcanizates in poor swelling agents. 

Despite this apparent limitation, the mean value of w remains a most 
useful parameter by which to characterize a polymer-liquid combination, 
and its evaluation, by means of Equation (36), from the observed maximum 
swelling, offers the simplest method by which it may be estimated. We shall 
show below how the method may be extended to values of uw < 0.5 when cross- 
linked polymers are available. It is convenient to anticipate at this stage to 
describe swelling data which throw light on the factors determining wp. Ac- 
cording to Equation (24), uw would be equal to Vo(4/eo — v/e-)?/ RT, and al- 
though this seldom holds quantitatively, there is strong evidence that this 
quantity exercises the controlling effect in the relative swelling of a given polymer 
in a range of liquids, provided the systems be chosen so as to exclude obvious 
specifie interactions, and especially hydrogen bonding. This evidence has been 
reviewed recently“, but we may repeat here one of its most strikingly successful 
applications’. Figure 14 shows the equilibrium swelling of five different 
natural rubber vuleanizates in a range of aliphatic liquids as a function of 
V VolVeo — Ver). The experimental points refer to the top curve, and show 
how different chemical types all lie nearly on a single curve; similar agreement 
was found for the other four vulcanizates. To fit one of these curves quantita- 
tively, it is necessary to write empirically: 


B= bo + kVo(vV/eo — Ver)? (37) 


where po is a constant, but & is still slightly dependent on \/Vo(\/e0 — Ver). 
A range of aromatic liquids gave similar results, but with different k (more 
nearly 1). The estimation of u values from cohesive energy densities is there- 
fore only qualitatively successful, but within this limitation is of great use in 
correlating the swelling powers of a range of liquids. 

The next problem to be considered is the effect of mechanical restraints 
on the swelling of a given polymer in a given liquid. Restraints may be 
either external or internal, t.e., due to the structural rigidity of the material, and 
in general only the former can be discussed by thermodynamic methods. A 
linear polymer which is amorphous and not brittle behaves essentially as a 
liquid to continuous stresses, and cannot therefore support permanently any 
type of stress other than hydrostatic. A hydrostatic pressure may be applied 
either to the polymer alone, some form of porous membrane being used to 
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Fre. 14.—Swelling of natural rubber vulcanizates in a range of aliphatic liquids. 
(Hydrocarbons, O; ketones, A; esters, V; aldehydes, X; ethers, 0; nitriles, +.) 


effect equilibrium with the liquid, or to both components. The former case is 
simply the familiar osmotic or swelling pressure, and the effect of a pressure P 


on AG) is given by: 
OVG, ~ - 
( oP di sil (38) 


where Vo, the partial molar volume of the liquid in the compressed polymer, 
is usually very near to the molar volume Vo of the free liquid, at least for fairly 
small pressures. Thus application of an excess pressure P raises the free energy 
of dilution by VoP. To calculate the resulting decrease of swelling, use may 
be made of the mathematical identity: 


-(% oq ) ~{ae (ae ) (39) 

OP /r.aGo \ OP / 1.8 0Q /Tw " 
aq = OAG> 

il 40 

-(% oP Bi , o/( oq be. (40) 


Here Q is the degree of swelling of the polymer (= 1/l, — 1), not necessarily 
at saturation, and the left-hand side represents the change of swelling with 
pressure if the vapor pressure is kept constant. The derivation of this equa- 
tion has involved no assumptions about the nature of the polymer; it is indeed 
equally applicable to liquids. The chemical nature and structure of the poly- 
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mer will of course control the magnitude of 0AG)/dQ and hence also of 
(0Q/0P)aGo. 
If the pressure is applied to both phases, (38) has to be replaced by: 


(@AG)/AP)7T,2 = Vo — Vo (41) 


In view of the approximate quality of Vo and Vo, the effect of a hydrostatic 
pressure applied both to liquid and to polymer may be in either sense, but is 
usually unimportant. In aqueous systems, however, Vo is generally less than 
Vo, and for these a hydrostatic pressure increases the maximum swelling. 

A precisely analogous method may be employed to calculate the effect of 
any other applied stress on the swelling of any body capable of sustaining the 
stress. An example in which we shall be interested is that of a polymer con- 
strained (by unidirectional tension or compression) to a length / in a specified 
direction. If f is the force required, and ly the unstrained length and cross- 
section in the dry state, it is found* that, at constant 7’ and P: 


ee PAT S 
ly ( al a. + x: ( oF / aq l (42) 


In this case we cannot at once evaluate (0f/0Q),, but it is evident physically 
that swelling a stretched polymer generally has the effect of diminishing the 
tension. If this is so, extending a piece of swollen polymer, according to (42), 
diminishes its vapor pressure, and increases its swelling capacity. 

To carry out experiments on the effect of applied stresses, it is necessary 
to work with a polymer possessing structural rigidity even when swollen. 
The internal structure also imposes restraints on the swelling of the polymer, 
and may thus affect both the entropy and the heat of swelling. If the struc- 
ture is such as to leave the polymer macroscopically homogeneous, there is no 
thermodynamic method of evaluating its effect. In certain cases, however, 
the structure is sufficiently coarse to enable its components to be considered 
separately. An obvious example of this type is found in a reinforced plastic, 
where the reinforcing layers (which may themselves be swollen) restrain the 
swelling of the plastic interlayers. An extremely interesting and thorough 
analysis of the swelling of wood has been made by Barkas, along similar lines®. 
A typical wood cell has the form of a hollow cylinder, with a thin elastic sheath. 
Swelling occurs almost exclusively perpendicular to the axis, and is restrained 
by the elastic reaction of the sheath, which is comparatively little swollen. 
The very detailed discussion of this problem given by Barkas could probably 
be applied to other materials. 

Attempts which have been made to calculate the effect of internal structure 
on the swelling of wool and keratin® rest on a much more questionable basis. 
It is assumed that the work done by the water in swelling the structure is the 
same as would have to be expended to produce the same dimensional changes 
by applying external forces. This is certainly not true in general, and would 
require strong justification before it could be accepted in any particular case. 
In the opinion of the present author, the restoring forces of the structure are 
very greatly overestimated by this procedure. 

The effect of cross-linking on the swelling of rubberlike polymers is another 
example of a restraint imposed by an internal structure. This has been an- 
alyzed on the basis of the statistical mechanics of an ideal network as described 
in the section on the Elasticity of an Ideal Network, the problem being to 
calculate the elastic reaction of the network when swollen by a liquid. It is 
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clear from the model that this restraint takes the form of a negative contribu- 
tion to the entropy of swelling. This contribution has been estimated by 
James and Guth and by Flory*® for the cases of isotropic swelling and of swelling 
with the polymer restrained in one direction. After introduction of these 
terms into Equation (25), the free energy of dilution becomes: 

(a) Isotropic swelling: 


prb 
M. 





AGo = rr {in (1 +3) —~(1+Q)7 +n +Q74+ 2 (1+Q) | (43) 


Q 
(b) Swelling at length /: 





AG, = RT In ( 1+ : ) — (1+ Q)'+ wl +Q)-* + re. (44) 
Q M. il 
where p, and M, are the density and molecular weights between junction points 
of the polymer, Vo is the molar volume of the liquid, Jo is the length dry and 
unstrained, J is the length swollen and strained. 

These equations permit yu to be calculated from the swelling of polymers of 
known degrees of cross-linking, and also give values for 0AGo/dQ which may be 
substituted into Equations (40) and (42). An interesting feature of (44) is 
that, as 1— ©, the negative entropy contribution vanishes, leaving AGo equal 
to the value for an uncross-linked polymer. It can thus be seen that cross- 
linking should reduce the swelling capacity, while extension should increase it 
towards its original value. 

These predictions have been tested by using a series of natural rubber com- 
pounds**, some of the results being shown in Figures 15-17. Values of M, 
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Fig. 15.—Effect of vulcanization on swelling of natural rubber compounds: 1, light petroleum (b.p. 40-60") ; 
2, n-propyl acetate; 3, ethyl acetate; 4, methylethyl ketone; 5, acetone (Curves theoretical)®’. 
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Fic. 16.—Effect of extension on swelling: (1) chloroform, (2) benzene, (3) toluene, (4) light petroleum 


(b.p. 40-60°) (Curves theoretical)®. 


were estimated from the elastic moduli of the rubbers when swollen, and are 
therefore not really independent quantities. Two points are to be observed: 
(1) the very good quantitative account of the effects of network structure on 
swelling in good swelling agents which can be given by this theory, and (2) 
the systematic departure found for poor swelling agents. Analysis of the latter 
by means of Equation (42) shows that it is accounted for almost wholly by the 
term 0AG)/dQ. The conclusion drawn is that polymer-liquid systems with a 
relatively small mixing tendency cannot be adequately characterized by a 
single value of u, but that, as saturation is approached, yp falls considerably. 
This phenomenon, which appears to be quite general, is illustrated by the vapor- 
pressure data for natural rubber hydrocarbon in ethyl acetate*’, shown in 
Figure 18. It represents a defect in the current statistical theory of polymer- 
liquid systems which has not yet been satisfactorily explained. 


THE SOLUBILITY OF GASES IN POLYMERS 


This problem differs from that of the absorption of liquids only in that the 
reference state of the solute is the gas (usually at 1 atm. pressure) instead of the 
liquid. Just as the dissolution of crystalline materials may be divided into 
(1) fusion and (2) mixing, so the solution of gases may be supposed to proceed 
through a preliminary liquefaction. This is not in all cases a physically 
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Fic. 17.—Kffect of extension on swelling: (1) n-propyl acetate (add 0.5 to ordinates), (2) ethyl acetate, 
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(3) methylethyl ketone, (4) ethyl formate (Broken curves theoretical)®. 
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Fic. 18.—Free energy of dilution of natural rubber by acetone. 
[Broken curve calculated from Equation (25), with » = 0.713.] 


possible route, since we-may be concerned with gases which are above their 
critical temperatures. This objection is more apparent than real, since even 
in the case of unsaturated vapors the process of liquefaction is an unnatural 
one, involving an increase of Gibbs free energy. The only additional difficulty 
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in the case of permanent gases is concerned with the extrapolation required in 
estimating the free energy of condensation. Writing the Gibbs free energy of 
solution AG, of gas at 1 atm. pressure in the solution as the sum of AG, and 
AGo, the Gibbs free energy of condensation and dilution, we have for equi- 
librium ; 


AG, + AGo = 0 (45) 


The problem is now seen to be very much simpler than that of the solution of 
crystalline polymers, since AG, is connected only with the properties of the gas. 
If 7, is the condensation temperature and L, the molar latent heat of condensa- 
tion, assumed independent of 7’: 


AG. = Li T/T: — 1) (46) 


AG» is given by Equation (25), but in the case of gas solutions /, is invariably 
close to 1, so that, to a good approximation: 


AGo& RT {In (1 — 1.) +1 + pw} (47) 


The solubility is usually expressed as the volume of gas (ec. at N.T.P.) dis- 
solving in 1 ce. of polymer under a pressure of 1 atm. Denoting this by o, 
its relation to J, is: 

o = 22,400(1 — 1,)/Vo (48) 


where Vo is the molar volume of the liquefied: gas at the temperature of the 
experiment; this can only be estimated by extrapolation. Combination of 
equations (45) to (48) gives finally: 


Ly T. 22,400 ° 
— rw a — << <m a 4 
Ing RT, ( ] T ) In ( V ) +l+uh (49) 





L,/T, is the entropy of evaporation, which may be taken as 20 cals./mole/° C 
while a typical value of In (22,400/Vo) is about 6.5. Hence (49) reduces to: 


—Ino~w 4.5 +p — 107,/T (50) 


This argument has been set out in some detail since it has not been published 
elsewhere, and the final result is particularly simple and striking. It is to be 
emphasized that the low solubility of permanent gases is due, from this view, 
to their very large positive free energy of condensation at ordinary tempera- 
ture. Since this is determined largely by the difference between their conden- 
sation temperatures and the experimental temperatures, it is natural to find a 
term 7',/T in Equation (50). The value of yu is relatively unimportant for 
permanent gases; this is in accord with the observation that the solubilities of, 
say, air in a range of polymers do not differ widely. Without knowing yp it is 
not possible to compare Equation (50) with experiment exactly, but it is found 
that even if we set » = 0 the calculated solubilities of hydrogen, nitrogen, 
oxygen, and methane agree within a factor of 3 with the observed solubilities 
in natural rubber?®. A further test of the validity of this method of approach 
is to use it to calculate the heat of solution, which is obviously given by: 


AH, = uRT — 207, (51) 
Eliminating » between (50) and (51), we have. 


AH,~ — RT(4.5 + Ino) (52) 
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Table III gives the values of u needed to fit some experimental solubilities to 
Equation (50), and a comparison of the observed heats of solution with those 
calculated from Equation (52); the agreement is only approximate, but is as 
good as would be expected from such a crude analysis. 


TaBLe III 
SOLUBILITIES OF GASES IN NATURAL RUBBER AT 25° C 
AH, (cals./mole) 
A. 





, a Experi- + Equation 
Gas To, K —-Ine Equation (50) mental (52) 
Hydrogen 20° 3.25 —0.58 900 — 740 
Nitrogen 77 2.92 1.00 650 — 940 
Oxygen 90 2.31 0.82 150 — 1300 
Methane 112 1.38 0.6: — 1900 — 1850 
Carbon dioxide 200 0.06 2.30 — 2600 — 2640 
Ammonia 240 —1.93 1.65 — 5400 — 3800 
Sulfur dioxide 263 —3.12 1.23 — 7000 — 4500 
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PHYSICAL PROPERTIES OF DIENE POLYMERS 


EFFECTS OF SIDE VINYL GROUPS AND OTHER 
STRUCTURAL FEATURES * 


JAMES D. D’IANNI 
RESEARCH LABORATORY, GOODYEAR TIRE & RuBBER ComMPANY, AKRON, OHIO 


Much information about the detailed molecular structure of rubberlike 
polymers has been accumulated during the past few years. In this paper an 
attempt is made to evaluate the available information particularly concerning 
the relative amounts of 1,4-, 1,2-, and 3,4- addition content of isoprene and 
butadiene polymers and copolymers prepared by different methods of poly- 
merization, as determined from infrared absorption spectra, perbenzoic acid 
oxidation, specific refraction, and iodine number. Further useful information 
was collected for natural rubber and other isoprene polymers on the basis of 
common chemical reactivity'. Data on the molecular structure of a number 
of rubberlike polymers were recently summarized by Flory’. 

The second purpose of the paper is to correlate the structural features of 
the various polymers, as deduced from the data indicated above, with certain 
properties of the corresponding tread stock vulcanizates, such as tensile strength, 
rebound value, and brittle point. 

No results were reported on the ozonolysis of synthetic polymers, since 
recent reports* showed that even natural rubber gave a ‘“‘blank’”’ value corre- 
sponding to 10 to 17 per cent side vinyl groups, depending upon the procedure 
employed. 


STRUCTURES AND PROPERTIES OF ISOPRENE POLYMERS 


Several physical and chemical methods were available, by means of which 
much information about the detailed molecular structures of rubberlike 
polymers could be obtained. The study of isoprene polymers was of particular 
value because of the naturally available controls, rubber and gutta-percha, 
and the much greater chemical reactivity towards certain reagents shown by 
isoprene polymers than by butadiene polymers. 

Isoprene can enter the polymer in all the following ways: 


CH, 
—CH;—-C=CH—CH:— —CH;-C—  _ —CH,—CH 
CH: CH C—CH 
CH, CH: 
1 ,4-addition 1 ,2-addition 3,4-addition 


* Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 2, pages 253-256, February 1948. 
This paper was presented before The Division of Rubber Chemistry at the 110th Meeting of the American 
Chemical Society, Chicago, September 10-13, 1946. The investigation was carried out under the sponsor- 
ship of the Office of Rubber Reserve, Reconstruction Finance Corporation, in connection with the Govern- 
ment Synthetic Rubber Program. 
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On the basis of x-ray*, ozonolysis®, and infrared data®, natural rubber is now 
generally considered to be a polyisoprene made up of isoprene units attached 
exclusively by 1,4-addition in a head-to-tail fashion and with the groups at- 
tached to the olefinic linkages in the cis-configuration; gutta-percha differs 
primarily in that the groups are attached in the trans-configuration. There is 
no absolute proof, however, that the above structure is a quantitative picture 
of the rubber molecule, for the possibility still exists of the presence of some side 
vinyl groups, some of the groups attached to the olefinic linkage in the trans- 
configuration, and some branching and cyclic structures. Furthermore, there 
is no proof that rubber is formed in the tree by polymerization of isoprene; it 
is as likely that a condensation process is involved. 

The perbenzoic acid method’ of titration for double bonds has been used 
extensively for differentiation between internal double bonds (1,4-addition) 
and external double bonds (1,2-addition) on the basis that the rate of reaction 
with the former was much greater than with the latter. A total unsaturation of 
98.8 per cent of the theoretical value was reported® for natural rubber, pre- 
sumably all of the 1,4-addition type. The most recent iodine numbers for 
natural rubber indicate a total unsaturation of 95 to 96 per cent! of the the- 
oretical value. 

TABLE I 
PROPERTIES OF ISOPRENE POLYMERS 


Polyisoprene 


(organo- 
Natural Emulsion metallic Sodium- 
Polymer rubber polyisoprene catalyst) polyisoprene 
Structural features 
By infrared All 1,4-? cis- iso- 90% 1,4-" <90% 1,4- Large amount 
mer’ 3,4-218 
By perbenzoic acid 98.8% unsatu- 
rated 88% 1,4- 82% 1,4- 36% 1,4-" 
All 1,4-? 
Refractive index at 25° 1.519-1.520 1.519 1.517 1.508 
Density at 25° 0.92 0.91 0.91 0.92 
Iodine no. 352-357 364-369 362 (97%) 326 (87.5% 
(95-96%) !° (98-99%) 
Chromic acid oxidation: 
Percentage acetic acid 66.2" 59 56 41.7 
Percentage of theoretical 75.0 66.8 63.5 46.8 
Percentage isoprene hy- 100 89 85 62.5 
drocarbon (1,4- and 
3,4-units) 
HCl addition (Percentage 95” 88 77 63 
of theoretical) 
Intrinsic viscosity 5-7 1.75 5.4 1.45 
Physical properties (tread 
stock 50 EPC black) 
Tensile (lb. per sq. in.) 
Cold 3500 1550 2500 2100 
Hot 2750 605 835 895 
Percentage rebound 
Cold 62.5 52.0 62.0 18.1 
Hot 73.5 64.2 71.2 59.0 
Brittle point (° C) —54 —57 —46 —1 


The specific refraction of natural rubber, determined from the refractive 
index and the density, correlate well with that calculated for polyisoprene from 
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atomic refraction values. However, the calculated specific refraction is not 
much affected by variation in the relative 1,2- and 1,4-addition content. 

The amount of acetic acid obtained by chromic acid oxidation is a measure 
of methyl groups attached to unsaturated carbon atoms. In an empirical 
method" based on this reaction, natural rubber yielded 75 per cent of the the- 
oretical amount of acetic acid, and was assumed to be polyisoprene formed ex- 
clusively by 1,4-addition of isoprene. However, acetic acid could also be 
formed from isoprene units of the 3,4-addition type. 

The addition of hydrogen chloride to purified natural rubber under the 
most exhaustive conditions gave products having chlorine contents as high as 
95 per cent of the theoretical maximum”. Hydrogen chloride adds readily 
only to structures of the 1,4- and 3,4-addition types'. 

A typical emulsion polyisoprene sample showed a total of about 90 per cent 
of the theoretical 1,4-addition content by infrared absorption’. Perbenzofc 
acid titration indicated a 1,4-addition content of 88 per cent. Specific refrac- 
tion from experimental values agreed well with the calculated value for poly- 
isoprene’. Chromic acid oxidation gave acetic acid corresponding to 89 per 
cent of the theoretical content of 1,4- and 3,4-isoprene units. Hydrogen 
chloride addition gave a product with 88 per cent of the theoretical chlorine 
content. The iodine number was 98 to 99 per cent of the theoretical value. 

Polyisoprene prepared with a special organometallic catalyst showed less 
1,4-addition content by infrared absorption than emulsion polyisoprene, but a 
quantitative figure could not be obtained. Perbenzoic acid titration gave a 
value of 82 per cent 1,4-addition. Specific refraction agreed fairly well for a 
polyisoprene structure. The iodine number was 97 per cent of the theoretical 
value. Chromic acid oxidation indicated 85 per cent of the theoretical content 
of 1,4- and 3,4-isoprene units. The addition of hydrogen chloride gave a 
product with 77 per cent of the theoretical chlorine content. 

A sodium polyisoprene gave infrared absorption spectra which indicated a 
high 3,4-addition content. Perbenzoic acid titration gave only 36 per cent 
1,4-addition content *. Chromic acid oxidation indicated 62.5 per cent of the 
theoretical content of 1,4- and 3,4-isoprene units. Hydrochlorination pro- 
ceeded to 63 per cent of the theoretical value. lLodine number gave a low un- 
saturation figure which was 87.5 per cent of the theoretical value. Specific 
refraction corresponded roughly to a polyisoprene structure. If it was as- 
sumed that the chromic acid oxidation and hydrogen chloride addition values 
(which agreed very well) were a measure of the sum of 1,4- and 3,4-addition 
contents, then the 1,2-addition content was 37 per cent. The relative amounts 
of the various structures present in this polymer were estimated ss follows: 


36% 1,4-addition Perbenzoic acid 
37% 1 ,2-addition By difference from chromic acid oxidation and hydrogen 


chloride addition 


27% 3,4-addition By difference 


There still existed some uncertainty about the relative amounts of 1,2- and 
3,4-addition content, since the infrared absorption was very strong for the 
latter type. It was concluded that structures of the 1,2- and 3,4-addition types 
predominated in sodium polyisoprene. 

In summary, the various polyisoprenes examined had structures charac- 
terized by the following distribution of the various isoprene units, if corrections 
were made for the actual amount of unsaturation as determined by iodine 
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number and if it was assumed that only sodium polyisoprene had substantial 
amounts of 3,4-addition : 


Percentage Percentage Percentage Percentage 
1,2 


,4- ,2- ,4- total un- 

Polymer addition addition addition saturation 
Natural rubber 96 i ia 96 
Emulsion polyisoprene 88 10 a 98 
Organometallic polyisoprene 80 17 es 97 
Sodium polyisoprene 32 32 24 88 


The fact that the total unsaturation was less than 100 per cent indicated 
that these polymers contained varying percentages of cyclized or cross-linked 
structures. Otherwise one must assume that the addition of iodine chloride 
had been incomplete in the determination of the iodine number. 

An attempt was made to correlate the structures indicated above with the 
physical properties of the corresponding tread stock vulcanizates containing 
50 parts of EPC black (Table I). A comparison of the tensile properties of 
emulsion polyisoprene and sodium polyisoprene showed the latter to be superior. 
This superiority was attributed to the presence of a larger percentage of side 
vinyl and isopropylidene groups in the sodium polymer. Another way of 
comparing these two polymers was to say that the sodium polyisoprene sample 
when tested was closer to its brittle point than the other polymer'®. The 
organometallic polyisoprene, although it had fewer side groups, had a higher 
tensile strength than the sodium rubber; the difference may have been due to 
higher molecular weight or other structural features. All three polymers were 
vastly inferior to natural rubber in tensile strength, particularly when run hot 
(200° F). The superior tensile strength of natural rubber was attributed to the 
fact that crystallization occurred upon elongation. The synthetic polymers 
were not able to crystallize because they had branched structures in the chain 
and may have contained mixtures of cis- and trans-forms of configuration 
around the double bonds. It was, therefore, concluded that it was more de- 
sirable to prepare a linear diene polymer which was entirely or very largely of 
one geometric configuration (preferably the cis-form) than a branched 100 per 
cent diene polymer which contained a mixture of cis- and trans-forms of con- 
figuration about the double bonds!’. It would be interesting to compare these 
polymers with a linear polymer which contained a mixture of the cis- and 
trans-forms. 

In rebound properties emulsion polyisoprene was greatly superior to sodium 
polyisoprene, and the difference was attributed to the lower side group content. 
Both polymers were inferior to natural rubber in this respect. However, 
organometallic polyisoprene with side group content intermediate between the 
other two synthetic polymers had rebound characteristics very similar to 
rubber. The anomalous position of this polyisoprene was probably related 
to its higher molecular weight (as indicated by intrinsic viscosity) and other 
structural features not apparent at this time. 

The best correlation of the 1,4-content of the three synthetic polymers with 
a physical property was with the brittle point. With increasing 1,4-content 
the brittle point dropped markedly'*. However, natural rubber had a slightly 
higher brittle point than emulsion polyisoprene. The difference was probably 
associated with the fact that the natural product was substantially pure cis- 
isomer, whereas the synthetic polymers were mixtures of cis- and trans-forms. 
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STRUCTURES AND PROPERTIES OF BUTADIENE POLYMERS 


In butadiene polymers and copolymers, butadiene can enter the polymer 
in two ways: 


CH.—CH=CH—CH,.— —CH:,—CH 
l 
CH 
| 
CHe 
1 ,4-addition 1,2-addition 


Infrared absorption data on emulsion polybutadiene indicated a 1,4- 
addition content of 79 per cent of the theoretical value’. Perbenzoic acid 
titration showed 1,4-addition content of 79 per cent of the theoretical value. 
Specific refraction from refractive index and density corresponded approxi- 
mately to the calculated value for a polybutadiene structure. Iodine number 
determinations gave 95 to 97 per cent of the theoretical unsaturation. 

An organometallic polybutadiene sample apparently had 70 per cent of 1,4- 
addition content by infrared absorption. A value of 68 per cent for 1,4-addi- 
tion content was obtained by perbenzoic acid titration. Specific refraction 
checked approximately for the theoretical figure. Iodine number was 98 per 
cent of the theoretical value. 

A Buna-85 (potassium polybutadiene) sample received recently from Ger- 
many was reported to have 50 per cent of the theoretical value of the 1,4- 
addition content’. A value of 58 per cent was obtained with the method 
recommended by Saffer!’, in which treatment of the data results in high values 
in all cases where the internal double bond content is less than 70 per cent. 
Infrared absorption indicated only 35 to 40 per cent of 1,4-addition. Specific 
refraction corresponded approximately to the calculated value. Iodine number 
determinations showed 89 to 94 per cent of the theoretical unsaturation, indi- 
cating some “civilization” in the chain?°. 

‘In the case of the butadiene polymers, increased 1,4-addition content was 
associated with lower brittle point, higher rebound, and only to a minor extent 
with decreased tensile properties. Here again, the organometallic polymer had 
unusually good tensile strength, probably due to its higher molecular weight 
(as indicated by intrinsic viscosity). 


STRUCTURES AND PROPERTIES OF BUTADIENE-STYRENE 
75/25 COPOLYMERS 


A comparison was also made between GR-S and similar copolymers pre- 
pared with an organometallic catalyst and sodium. From infrared absorp- 
tion spectra™ it was concluded that the 1,4-addition content of GR-S was 81 
per cent of the theoretical value. This was in close agreement with the value 
of 78 to 81 per cent obtained by perbenzoic acid titration. Specific refraction 
agreed well with the calculated value, assuming a styrene content of 23 per cent. 
Iodine number determination indicated an unsaturation of 97 per cent of the 
theoretical value. 

The 1,4-addition content of the copolymer prepared with an organometallic 
catalyst was 68 per cent of the theoretical value, as determined by perbenzoic 
acid titration. Specific refraction agreed fairly well with the calculated value, 
assuming a styrene content of 25 per cent. Iodine number determination 
indicated an unsaturation of 97 per cent of the theoretical value. 
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TABLE II 
PROPERTIES OF BUTADIENE POLYMERS 


Poly- 
butadiene 
(organo- 
Emulsion- metallic 
Polymer polybutadiene catalyst) Buna-85 
Structural features 
By infrared 79% 1,4-18 70% 1,4- 35-40% 1,4- 
By perbenzoic acid 79% 1,4- 68% 1,4- 50% 1,4-7 
58% 1,4- 
Refractive index at 25° 1.512 1.512 1.612 
1.515374 
Density at 25° 0.90 0.93 0.93 
Iodine number 444-455 459 416-441 
(95-97%) ° (98%) (89-94%) 18 
Intrinsic viscosity 1.57 4.9 1.9 
Physical yy (tread stock 
50 EPC black) 
Tensile (lb. per sq. in.) 
Cold 1300 2490 1500 
Hot 575 990 790 
Percentage rebound (cold) 53.0 49,2 49.2 
63.1 57.5 63.1 
Brittle point (° C) —73 to —85 — 54 —63 
TABLE III 


PROPERTIES OF BUTADIENE-STYRENE 75/25 COPOLYMERS 


Butadiene-styrene 75/25 
A. 





é ~~ 
Organo- 


metallic Sodium 
Copolymer GR-S catalyst catalyst 
Structural features 
By infrared 81% 1,4-8 ee 20% 1,4- 
By perbenzoic acid 78-81% 1,4- 68% 1,4- 41-43% 1,4- 
Refractive index at 25° 1.530 1.534 1,525 
Density at 25° 0.93-0.94 0.93 0.95 
Iodine number 342 (97%) 334 (95%) 331 (94% 
Intrinsic viscosity 1,5-2.0 14 4.2 
Physical properties (tread stock 
50 EPC black) 
Tensile (lb. per sq. in.) 
Cold 2320 3050 2200 
Hot 845 1430 890 
Percentage rebound 
Cold 50.9 42.0 13.3 
Hot. 62.8 65.2 69.0 
Brittle point (° C) —57 — 46 —23 to —30 


The copolymer prepared at the University of Illinois with a sodium catalyst 
was also included in this comparison. It contained only 20 per cent 1,4- 
addition by infrared absorption and 41 to 43 per cent by perbenzoic acid 
titration. Specific refraction corresponded approximately to the theoretical 
value, assuming a styrene content of 25 per cent. Unsaturation was approxi- 
mately 94 per cent of the theoretical value of a 75/25 copolymer (estimated 
from the carbon-hydrogen ratio found). The intrinsic viscosity was 4.2, which 
was considerably higher than the usual range of 1.5 to 2.0 found for GR-S, 
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These copolymers were compounded in a tread stock and the properties at 
best cure were compared. With increasing 1,4-addition content the brittle 
point markedly decreased. Data on tensile strength and rebound, however, 
did not correlate very well with this structural feature, probably because the 
effect of the presence of a substantial amount of phenyl groups overshadowed 
any effect of variations in the relative amounts of 1,2- and 1,4-structures. 
GR-S, the copolymer with the highest 1,4-addition content, had the highest 
room temperature rebound, but the hot value (at 200° F) was the lowest of the 
three. The copolymer with the highest tensile strength was also the one with 
the highest molecular weight (made with organometallic catalyst), even though 
the sodium polymer had a lower 1,4-addition content. 


EXPERIMENTAL 


Emulsion polyisoprene and polybutadiene were prepared in the usual GRS- 
type polymerization recipe. The organometallic catalyst was obtained from 
A. A. Morton of the Massachusetts Institute of Technology and was used for 
polymerization in hexane solution at 30°. Sodium polyisoprene was prepared at 
room temperature by reaction of pure isoprene (Phillips Petroleum Co.) with 
fine sodium sand. The sodium butadiene-styrene 75/25 copolymer was sup- 
plied by C. S. Marvel of the University of Illinois. The Buna-85 sample 
(polybutadiene made with potassium catalyst) was obtained in Germany by 
A. M. Clifford. All polymers were extracted with acetone for 16 hours before 
analysis. 

Infrared absorption spectra were obtained by J. E. Field as described in a 
recent report”. 

Perbenzoic acid titrations were run by a method recommended by A. 
Saffer of the Firestone Tire & Rubber Company’®. Reaction was carried out 
in chloroform solution at 6° C with a 25 per cent excess of perbenzoic acid. 
Four samples were removed for titration at intervals of 2 hours during the 16- 
24-hour reaction period. The values were then extrapolated to zero time. 
The extent of reaction corresponds to the amount of internal double bonds 
(1,4-addition). 

Refractive index was checked at 25°C on a thin sheet of rubber placed 
between the prisms of an Abbe refractometer. 

Densities at 25° were determined in a 25-ml. pycnometer with isobutyl 
alcohol as a liquid medium. Because of uncertainties in ash content of some 
of the polymers, values were reported only to the second decimal point. 

Iodine numbers were obtained by the standard method recommended by 
Kemp and Peters’®. 

Chromic acid oxidations were run by the standard method". 

To obtain the hydrochlorides of the isoprene polymers, a 5 to 10 per cent 
solution of the polymer in benzene was saturated with dry hydrogen chloride 
at 10° to 15° C and allowed to stand overnight; then more hydrogen chloride 
was added and the solution was allowed to react for at least 24 hours. The 
product was isolated by thorough steam distillation, washed well with methyl 
alcohol, and vacuum-dried at 50°C. Chlorine analyses were determined 
gravimetrically with the Parr bomb. 
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The physical properties listed were obtained on vulcanizates compounded 
according to the standard recipe: 


Polymer 100.00 
EPC black 50.00 
Zine oxide 5.00 
Barrett oil No. 7 5.00 
Stearic acid 2.00 
Mercaptobenzothiazole 1.50 
Sulfur 2.00 


The tensile values were measured at room temperature (cold) and 200° F 
(hot). The Goodyear pendulum rebound values were run at the same tem- 
peratures. The brittle point was obtained by an impact test designed by G. 
Albertoni of the Goodyear Compound Development Department which in- 
volved the shattering of a clamped strip under an impact of high velocity. 
The data listed were for the best cure, as determined by hand tear. 


SUMMARY AND CONCLUSIONS 


The detailed molecular structures of natural rubber, emulsion polyisoprene, 
polyisoprene prepared with an organometallic catalyst, and sodium poly- 
isoprene were studied by comparison of data available from infrared absorption 
spectra, perbenzoic acid titration, refractive index, density, iodine number, 
chromic acid oxidation, and hydrochlorination. These polymers showed 
decreasing amounts of 1,4-addition content in the order listed. 

Similar data were collected where possible for emulsion polybutadiene, 
polybutadiene prepared with an organometallic catalyst, and potassium poly- 
butadiene (Buna-85), as well as for GR-S and corresponding butadiene-styrene 
copolymers prepared with an organometallic catalyst and with sodium. These 
two groups also showed decreasing 1,4-addition content in the order listed. 

Correlation of structure inferred from the above data with physical proper- 
ties of corresponding tread stock vulcanizates indicated that for diene polymers 
with decreasing amount of 1,4-addition content the brittle point rose, the re- 
bound value decreased, and the tensile strength increased, provided comparison 
was restricted to polymers of approximately the same molecular weight range 
made with the same monomer. Natural rubber occupied a unique position 
because it was substantially a linear high polymer with the cis-configuration 
around all the double bonds. For the butadiene-styrene 75/25 copolymers the 
brittle point rose with decreasing amount of 1,4-addition content, but no satis- 
factory correlation could be obtained for the tensile strength and the rebound 
value, probably because of the predominant effect of the phenyl side groups. 
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STRUCTURE OF CHLOROPRENE POLYMERS AS 
DETERMINED BY OZONOLYSIS. XI* 


A. KLEBANSKIT AND K. CHEVYCHALOVA 


A method was worked out by Harries! for determining the structure of 
rubber by ozonolysis. He used this method for the determination of the struc- 
ture of both natural and synthetic rubbers. By decomposition of the ozonides 
of natural rubber, Harries obtained levulinic acid and levulinic aldehyde as the 
two main products. This showed that the rubber molecule is composed of 
isopentene groups and that the double bond is located at the carbon with the 
methyl group, —CH.—C(CH;)=CH—CH.—. Because Harries did not ob- 
serve other cleavage products in addition to the levulinic derivatives, he main- 
tained that a ring of isopentene radicals was present in the rubber molecule. 

Pummerer”, starting with the ideas of Berber and Staudinger that the rubber 
molecule is an open chain, attempted to establish from the ozonolysis products 
the presence of end groups, the absence of which is not considered experiment- 
ally proved. Although Harries and his students did not establish the presence 
of acetone, methylglyoxal and acetic acid in spite of persistent and numerous 
investigations, it should be taken into account that the yields of the established 
ozonolysis products did not exceed 70 per cent of theory according to the carbon 
skeleton. To explain the absence of end groups in the rubber molecule, Stau- 
dinger indicated that the rubber molecule consists of a very long open chain, 
in which about a thousand or more isopentene groups are present. 

Pummerer, in spite of this, proposed that by improving the methods of 
investigation, a determination of these end groups could be made which would 
allow the determination of the molecular weight of rubber by a chemical method, 
similar to the titration of the end carboxyl and amino groups of albumen and the 
end aldehyde groups of carbohydrates. 

The arrangment of the units in the rubber molecule either in the 1,4—-1,4 or 
4,1-4,1 positions, according to formulas I and II, determines what products 
must be obtained because of the end groups. 


‘me _ CH; 
(1) CH;—C==CHCH,—-(CH,—C=-CH —CHp2),—CH,— CCH 





CHs 
CH.—CH==C—CH=CH: 


he vm _ 
(11) CH;—CH=C—CH.—(CH.—CH=C—CH:),—CH.—CH=C— 
CH; 
CH. ‘CH—CH—6—CH, 


_ * Translated from the Zhurnal Obshcheit Khimii (Journal of General Chemistry (U.S. 8. R.)), Vol. 17. 
No. 5, pages 941-956 (1947). 
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In the case of Formula I there should be obtained during ozonolysis acetone, 
levulinic aldehyde, malonic dialdehyde, methylglyoxal and formaldehyde. 
According to Formula II there should be obtained acetaldehyde, levulinic 
aldehyde, acetoacetic aldehyde, methylglyoxal and formaldehyde. From the 
yield of methylglyoxal, for which Pummerer worked out an extremely sensitive 
and precise method of separation through its dinitrophenylhydrazone, he calcu- 
lated the entire length of the chain. However, determination of the terminal 
groups by the usual chemical methods presents difficulties because of the high 
molecular weight of the rubber molecule. 

This method appeared to be useful for the determination of the structure of 
chloroprene polymers obtained under various conditions of polymerization. 

Some general data on the structure of chloroprene rubber were given in the 
work of Carothers*. He separated succinic acid on oxidation of chloroprene 
rubber by nitric acid. On the basis of this and according to an analogy with 
natural and other synthetie rubbers, he ascribed the following formula to 
chloroprene rubber: 


ee ee i lic CH.— 
Cl Cl Cl 
The arrangement of the units cannot be decided by the oxidation of this 


rubber, because succinic acid is formed from all the theoretically possible 
structural formulas, except Formula IV. 

(I) —CH:—CClI=CH—CH:—CH:—CCl=CH—CH:; 

(II) —CH:—CH=CCI—CH:—CH:—CH=CCl—CH2— 
(III) —CH.—CCl=CH—CH,—CH:.—CH=CCIl—CH.— CH —CCl=CH-—CH, 
(IV) —CH:—CCI—CH.—CClI—CH:—CCl— 


| | | 
CH=CH, CH=CH, CH=CH: 








The presence of molecules with structures in accord with Formulas II and 
III in this rubber can be established by the separation of 8-formylpropionic 
acid and succinaldehyde or their derivatives. It is apparent from the above 
formulas that only 8-formylpropionic acid or succinic acid can form from I and 
II and succinaldehyde and the dichloroanhydride of succinic acid from III. 

The formation of higher molecular weight polycarboxylic acids and formal- 
dehyde (about 25 per cent of the carbon skeleton) can be expected from Formula 
IV; however, this formula cannot be the main one, since succinic acid is the 
main ozonolysis product of polychloroprene. On the other hand, the presence 
of formic acid in the ozonolysis products indicates that some of polymer units 
correspond to Formula IV. 

Carothers found that various types of polymers were obtained during the 
polymerization of chloroprene. The a-, w- and w-polymers were the main 
types; the a-polymer has a linear structure and the y-polymer is a three 
dimensional macromolecule which is formed by chemical combination at acti- 
vated double bonds of the linear chains of the polymer. 

A series of polymers, related basically to the first two types, was obtained 
from the polymerization of chloroprene by various methods. However, the 
individual polymers are different from the usual type of a- and y-polymers, 
obtained by spontaneous polymerization, in respect to the polymerization 
conditions and some of the important properties. Thus, soluble polymers can 
be obtained with a high degree of polymerization (95 per cent and above) 
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during polymerization of chloroprene in the presence of the proper concentra- 
tion of the regulators. These polymers differ from the usual type of a-polymers 
formed by spontaneous or thermal polymerization up to 20-25 per cent, not 
only in increased plasticity and solubility but also in other properties; they are 
more stable to oxidation by oxygen from the air, possess a lesser tendency to 
deteriorate, have a lower relative viscosity and a lesser average molecular 
weight. ® 

Polymers obtained by emulsion polymerization of chloroprene also have 
different properties. 

Polymers are formed which depend on the composition of the emulsion 
(presence or absence of regulators) and which are basically related to the a- or 
u-types. However, their properties are somewhat different from the proper- 
ties of the products obtained by spontaneous polymerization, e.g., less resistance 
to cracking, less relative elongation, and less plasticity. The following basic 
types of chloroprene polymers were investigated to find out whether the charac- 
teristic properties of the various polymers depend on the structure of the basic 
macromolecules of the rubber, 7.e., the relative arrangement of the units: 
u-polymer of chloroprene polymerized in the presence of an initiator; a- and 
u-polymers obtained from latex; a-polymer obtained by thermal polymeriza- 
tion of chloroprene at 80°C; and liquid batches of the rubber formed by 
anomalous polymerization in the presence of unknown materials which inhibit 
the polymerization. 

It was expected that, depending on the conditions of conducting the poly- 
merization (presence of a regulator, high temperature, presence of emulsifiers 
and accelerators), the chains in the macromolecule could be combined in differ- 
ent arrangements. Since succinic acid‘ is the main decomposition product of 
the ozonides of the polymers, the relative arrangement of the main units can- 
not be solved by the separation of the final ozonolysis products. 

The arrangement can be explained by separation of B-formylpropionic acid 
and succinaldehyde or their derivatives. In view of the instability of B-formyl- 
propionic acid and succinaldehyde and their tendency to polymerize, it is 
better to isolate the derivatives which are formed directly during the decom- 
position of the ozonides. It is convenient to separate B-formylpropionic acid 
and succinaldehyde as acetals, which can be obtained by decomposition of the 
ozonides with alcohol containing gaseous hydrogen chloride in the presence of 
orthoformic ester. 

The acetals obtained have been described in a series of articles®. By the 
decomposition of the units in the rubber molecule, 1,4-1,4, the acetal of 
8-formylpropionic acid must be obtained, and this is easily confirmed by the 
derivatives obtained from its hydrolysis products, for example, p-thiophenyl- 
hydrazone® and the semicarbazone. 

In the case of the arrangement of the units in the rubber molecule in the 
4,1-4,1 position there must be obtained the acetal of succinaldehyde, the de- 
rivatives of which differ from the derivatives of B-formylpropionic acid. By 
ozonolysis of the a-polymer of chloroprene, obtained during partial polymeriza- 
tion of chloroprene in the presence of a regulator and after decomposition of the 
ozonides, there was obtained the acetal of B-formylpropionic acid, which was 
identified by hydrolysis and conversion into p-nitrophenylhydrazone. In 
addition, there was obtained a product which, according to its constants, 
resembled the ester of the dimer of 6-formylpropionic acid. The ester of the 
trimer of 8-formylpropionic acid (triethyl s-trioxane-2,4,6-tris (propionate)), 
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which has the following structure, is described in the literature’: 


alge 
spite ws HC—CH,CH.COOC:H; 
O O 
hl 
C—CH.CH:COOC:H; 
H 


The conditions are described in the article of Carrier’ for the formation of 
this trimer by polymerization of the 8-formylpropionic acid ester. The trimer 
is unstable and during standing, especially during distillation, is converted to 
the monomer and a condensation product, with elimination of one molecule of 
H,0 and formation of a oxybutyryllactone oxide of the following structure: 


CH.—CH——-O——-CH—CH; 
a i 
oO O 
i \ 
ao ~ 
CH.—CO CO—CH:, 


The product, obtained by us by decomposition of the ozonide with absolute 
ethanol containing gaseous hydrogen chloride, with or without the addition 
of orthoformic ester, showed the presence of aldehyde after standing for 10 
days; it gave a red color with fuchsinsulfurous acid, and crystals (m.p. 191- 
192° C) separated by the addition of p-nitrophenylhydrazine. Because the 
boiling point of this product (170—-174° C at 12 mm.) was significantly higher 
than what had been determined for the ester of 8-formylpropionic acid (101- 
102° C at 12 mm.), it was difficult to expect this product to be the monomer 
or to contain the monomer. Analysis gave results which corresponded to the 
ester of B-formylpropionic acid or its polymer. It was most probable to assume 
that the high boiling product was triethyl s-trioxane-2,4,6-tris (propionate) 
which, apparently, is unstable, and, during standing, partially decomposes, 
with formation of the monomer. This assumption, however, was not con- 
firmed by the data obtained during the determination of the molecular weight 
of the freshly distilled product by the cryoscopic method in benzene. The 
molecular weight was equal to 234; the molecular weight of the monomer is 
130, the dimer 260, and the trimer 390. The molecular weight found was 
nearest to the dimer; the dimer for B-formylpropionic acid is unknown, and its 
formation is difficult to imagine. 

The data of Harries* on the formation of the dimer of B-formylpropionic 
acid were disputed by Carrier®, who found that the product obtained by Harries 
was the oxide of oxybutyryllactone and that the polymer of 8-formylpropionic 
acid had the structure of the trimer. On the other hand, the reaction with 
fuchsinsulfurous acid and the formation of p-nitrophenylhydrazone indicated 
the presence of free 8-formylpropionic acid in our product. It should not be 
overlooked that the ester of the trimer may not be as stable as the trimer itself, 
and during standing, the ester decomposes into a mixture of the monomer and 
the trimer. 

The lack of material did not permit a more detailed investigation of this 
question. However, on the basis of the data, it can be said that the macro- 
molecule of the rubber is constructed with the main units located in the 1,4—-1,4 
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position, according to the following scheme: 
-CH,—C=-CH—CH.—CH2- C=CH—CH2— 
( Cl 
—CH,.—CH=C—CH.—CH2—_CH=C—CH.— 
Cl by 


or 


We did not make a direct separation of the ozonides of the chloroprene 
polymers, because on the basis of numerous experiments of Harries!® and 
Pummerer" and a comparison of them with the latest investigations of Stau- 
dinger! and others, it was concluded that the ozonides of the rubber and their 
molecular weights did not correspond to the primary product—a high polymeric 
compound—but most likely, to cleavage products of the rubber macromolecule. 
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Fia. 1 


We used the method of Pummerer for natural rubber to determine quanti- 
tatively the bromine numbers of the chloroprene polymer during ozonolysis, 
with the aim of controlling the addition of ozone to the chloroprene polymers. 

Pummerer", by bromination of natural rubber during ozonolysis, estab- 
lished that the absorption of bromine by rubber at various stages of ozonolysis 
was the same in spite of the significant absorption of ozone and the subse- 
quently reduced saturation. This constant absorption was observed up to a 
critical point, after which the bromine numbers decreased almost to zero. 
He found also that, simultaneously with bromination, hydrogen bromide was 
eliminated. The experiments conducted by us on the bromination of chloro- 
prene rubber during ozonolysis showed the same regularities as for natural 
rubber. The bromine numbers from the beginning of ozonolysis up to the 
critical point did not change. Beyond the critical point the bromine numbers 
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fell off sharply. The change of the bromine numbers during ozonolysis of 
chloroprene polymers is presented in Figures 1 and 2. The curves are more or 
less uniform up to a point, a, where there is a sharp break. At this point the 
absorption of ozone ceased. Actually ozone was observed in the exit gas 
(reaction on starch iodide paper), and there was no formation of a precipitate 
or even a suspension during treatment of a sample (solution of rubber in chloro- 
form) by alcohol. (The chloroprene polymer is precipitated by alcohol, but 
the ozonide is dissolved.) 
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Pummerer, in the first of his experiments", attempted to use this behavior 
of rubber in relation to bromine as proof of the existence of two forms of 
ozonides. The first ozonide, having the structure described by Harries, was 
thought to be unstable, and the ozone was displaced by bromine. 
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During ozonolysis this ozonide isomerized, transforming into the isodzonide 
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The latter formula was proposed for the ozonide by Staudinger". 
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Pummerer gave another explanation for this phenomenon on the basis of 
a careful analysis, the change of the bromine numbers during ozonolysis and 
investigation of the products: the nonvarying bromine numbers during ozonol- 
ysis resulted from the substitution of bromine in the ozonide, which was 
catalyzed by the presence of hydrogen bromide. The formation of peroxide 
compounds at the end of the reaction was connected with the disappearance of 
the substitution catalyst (hydrogen bromide). 

The same explanation is possible for the bromination of chloroprene poly- 
mers during ozonolysis. At the beginning of ozonolysis, substitution of bro- 
mine occurred, during which reaction the expenditure of bromine for the sub- 
stitution and addition remained constant. The substitution reaction was 
confirmed by the presence of hydrogen bromide in the ozonide. The hydrogen 
bromide which was formed, apparently, catalyzed the substitution process. 
The absorption of bromine ceased at the critical point, where the peroxide 
compounds formed and the substitution reaction ceased. 

In addition to the above methods for the decomposition of the ozonides, 
we considered other methods of decomposing the ozonides by the action of 
reducing agents such as sulfur dioxide and hydrogen in the presence of a catalyst 
such as aluminum amalgam. 

It is possible that a quantitative determination of the main units in the 
rubber macromolecule can be made by the reduction method. 


EXPERIMENTAL PART 


Determination of the main unit of the chloroprene a-polymer obtained in the 
presence of a catalyst 

Work conducted in our laboratory confirmed the fact that the best method 
for the decomposition of the ozonides of chloroprene polymers for the purpose 
of identifying the main unit is the use of aqueous hydrogen peroxide. Other 
methods were inadequate because they resinified the ozonolysis products and 
made impossible a quantitative determination of the decomposition products. 
However, the range of application and data for the polymers which were pre- 
pared and studied were incomplete. The yield of the ozonolysis products were 
also less than the theoretical amount: 70-85 per cent of the carbon skeleton. 

In the present work we attempted to study a series of polymers, not yet 
investigated, which were produced by varying the polymerization conditions, 
and to obtain more complete quantitative data. First, we investigated the 
technically most important polymer obtained by polymerization of chloro- 
prene in the presence of regulators. 

Chloroprene was polymerized with a regulator at 40° C to 73.8 per cent. 
The a-polymer of chloroprene was purified by precipitation with alcohol, 
by dissolving in chloroform, and by repeated precipitation with petroleum ether 
free of unsaturated compounds. The precipitated a-polymer was dissolved 
in pure chloroform which had been purified of aleohol and other admixtures by 
washing with concentrated sulfuric acid and distillation over phosphorous 
anhydride. The weight of the rubber was determined by weighing the solu- 
tion and determining the percentage of rubber present. The percentage of 
polymer was determined by precipitation with alcohol and drying in a thermo- 
stat at 85-90° C to constant weight. 

The weight of polymer taken was 18.47 grams. Ozonolysis was conducted 
by a current of oxygen containing 4.5 per cent of ozone at a rate of 4 cc. per sec. 
Ozonolysis was controlled by the cessation of discoloration of a bromine solu- 
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tion in chloroform and the cessation of the appearance of a suspension during 
addition of alcohol. The solvent was distilled off from the ozonide in a vacuum, 
and the ozonide was decompose’ with aqueous hydrogen peroxide during 
heating on a water bath for 5 hours, with simultaneous passage of nitrogen 
free of oxygen or carbon dioxide. The nitrogen was used for more complete 
removal of carbon dioxide and formaldehyde from the solvent. The carbon 
dioxide was collected by an aqueous solution of barium oxide, and formalde- 
hyde—by an alcoholic solution of dimethyleyclohexanedione. The total 
acidity of hydrochloric acid, and formic acid was titrated. The difference be- 
tween the total acidity and the content of hydrochloric acid and formie acid 
was the succinic acid. The water was distilled off in a vacuum and succinic 
acid remained. Thus, the quantity of succinic acid was determined in two 
ways—by titration and by weighing. The following results were obtained: 





Succinic acid 23.5 = g. or 96.37% 
Formic acid (calomel method) 0.903 2.34 
Carbon dioxide 0.319 0.87 
99.58% of the carbon 


skeleton 


The melting point of the succinic acid, recrystallized from water, was 
183° C. The acid number was 695.7 (by sodium hydroxide) ; calculated acid 
number for succinic acid is 678. 


Ozonolysis of the a-polymer of chloroprene obtained from latex 

It is possible to assume that the main unit of the u-polymer, obtained from 
latex, has a different structure from that of the normal chloroprene a-polymer. 
However, separation of the final products of ozonolysis gave also succinic acid 
as the basic product. This proved that the basic unit is 2-chlorobutylene. 

The a-polymer of chloroprene was obtained by emulsion polymerization 
in the presence of stabilizers (antioxidants). The polymerization was con- 
ducted to 40 per cent with the aim of producing a soluble polymer. The 
polymer was purified, as indicated above, by precipitation with alcohol, by 
dissolving in chloroform, and by repeated precipitation with petroleum ether. 
The weight of polymer taken was 6.84 grams. Ozonolysis lasted for 37 hours. 
The ozonide was processed as in the previous experiment, and the following 
results were obtained. 





Succinic acid 8.56 g. or 93.78% 
Formic acid 0.268 2.1 
Carbon dioxide 0.254 1.86 
97.74% of the carbon 


skeleton 


The melting point of the succinic acid was 174° C. The acid number was 
662.7 (by sodium hydroxide) ; the calculated acid number for succinic acid is 
678. After recrystallization of the succinie acid, the acid number was 670 
and the m.p. was 182° C. 


Ozonolysis of the a-polymer obtained from latex 

The latex was prepared by the method of Carothers"® in the following man- 
ner. Chloroprene was added, with vigorous mixing, to a 2 per cent solution of 
sodium oleate during the course of 5 minutes. After mixing for an hour, 3 cc. 
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of an 18.5 per cent solution of ammonia was added to the emulsified solution. 
The mixture remained at room temperature for 32 hours. The polymer, 
precipitated by alcohol, was cut into fine pieces and extracted in a Soxhlet 
apparatus for 24 hours with diethyl ether. The ether was distilled off from 
the polymer in a vacuum. Twenty grams of the polymer was taken for 
ozonolysis. The ozonolysis lasted 65 hours. The ozonide was processed by 
the above described method. The following results were obtained: 


Succinic acid 22.7 sg. or 85.05% 
Formic acid 1.33 3.76 
Carbon dioxide 0.167 0.49 


89.3% of the carbon 
skeleton 


The water was distilled off in a vacuum, and the succinic acid which re- 
mained had a m.p. of 181° C; the acid number was 963.2 (by sodium hydroxide) ; 
the calculated acid number for succinic acid is 950.0. There was obtained 
24.43 grams or 91.58 per cent of succinic acid. The incomplete balance of this 
experiment in comparison with previous ones is explained by the fact that the 
polymer, because of its slight solubility, was not sufficiently purified, and con- 
tained admixtures of sodium oleate and other polymerization ingredients. 


Ozonolysis of the a-polymer of chloroprene which was polymerized at an increased 

temperature (80° C) 

Preparation of the polymer—Chloroprene, which was placed in a narrow 
test-tube, was heated in a thermostat at 80° C for 1 hour and 20 minutes; it 
polymerized to 20 per cent. The polymer was purified as indicated above. 
The weight of rubber taken for ozonolysis was 9.82 grams. The ozonolysis 
lasted 49 hours, and the ozonide was processed as in previous experiments. 
The following results were obtained by titration: 





Succinic acid 11.7 g. or 89.25% 
Formic acid 0.849 4.1 
Carbon dioxide 0.35 1.83 
95.18% of the carbon 
skeleton 


The water and volatile acids were distilled off in a vacuum; 12.33 grams or 
94.05 per cent of succinic acid remained. The melting point of the succinic 
acid was 175-178° C. The acid number was 944.4 (by potassium hydroxide) ; 
the calculated acid number for succinic acid is 950.0. 

Deviation between the weight determination of the succinic acid and titra- 
tion determination was caused by partial resinification of the product (during 
removal of the water) which remained in the succinic acid. 


Ozonolysis of a commercial grade of a liquid chloroprene polymer 

A liquid chloroprene polymer was formed by the polymerization of chloro- 
prene under industrial conditions in the presence of regulators. This type of 
polymer possesses significant plasticity and tackiness. It was assumed that 
these properties were connected not only with the lower molecular weight but 
also with the structure of the main units or their relative position in the macro- 
molecule. However, succinic acid was separated from the decomposition 
products of the ozonides as the main product. 
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Rubber for the ozonolysis was purified in the following manner. A liquid 
polymer, which was polymerized under plant conditions, was treated with 
alcohol, with the aim of extracting the unpolymerized chloroprene and other 
volatile products, and then with acetone until complete extraction was effected. 
The polymer was dried in a vacuum to constant weight. For ozonolysis 7.88 
grams of the polymer was used. The ozonolysis lasted 30 hours. The product 
was treated as in previous experiments, and the following results were obtained : 


Succinic acid 8.637 g. or 82.16° 
Formic acid 0.6212 3.79 
Carbon dioxide 0.269 1.71 


87.666, of the carbon 
skeleton 


The water and volatile acids were distilled off in a vacuum, and succinic 
acid remained in the distillation flask. The yield obtained was 8.85 grams of 
succinic acid or 84.19 per cent. The melting point of succinic acid was 171 
174° C. The acid number was 890.1 (by potassium hydroxide); the calcu- 
lated acid number for succinic acid is 950.0. After reerystallization, the acid 
number and melting point were close to the theoretical. 

The low yield of the decomposition products of the ozonide can be explained 
by the fact that the ozonolysis products probably contained other products 
resulting from the interaction of the chloroprene polymers with the regulator, 
or most probably, from the formation of resins. This was indicated by the low 
melting point and lower acid number of the untreated succinic acid. Succinic 
acid was the main product formed. However, the incomplete balance of the 
ozonolysis products indicated that the structure of this polymer differed some- 
what from the normal types of polymers. The possibility should not be over- 
looked that the product was oxidized; if so, this would explain its tackiness. 
The lack of an elementary analysis of the polymer did not make possible any 
definite conclusions. 

‘The relative arrangement of the basic units in the rubber macromolecule 
can be proved by the separation of 6-formylpropionic acid, or succinaldehyde, 
or their derivatives. It is more convenient to use the acetals for the separation. 
The acetals can be produced by decomposition of the ozonides with alcohol 
containing hydrogen chloride gas in the presence of orthoformic ester. The 
diethyl ester of succinic acid and a high boiling product, which gave a reaction 
for aldehyde with fuchsinsulfurous acid, were obtained by decomposition of 
the ozonide. Analysis indicated that the product was the ethyl ester of the 
dimer of 6-formylpropionic acid. The molecular weight, determined in ben- 
zene by the cryoscopic method, corresponded more closely to the dimer. The 
possibility should not be overlooked that there are data on the formation of the 
ester of the trimer of 8-formylpropionic acid, which during standing and 
especially during distillation, decomposes into the monomer and _ trimer. 
The trimer, possibly, has the structure of triethyl s-trioxane-2,4,6-tris (pro- 
pionate). It is possible to explain by this decomposition the value of the 
molecular weight in benzene, which corresponds to the dimer. It can be 
assumed that, during decomposition of the ozonide with absolute ethyl alcohol 
containing hydrogen chloride gas, there was formed the ethyl ester of B-formyl- 
propionic acid, which polymerized. Hydrochloric acid, which formed in the 
solution during decomposition of the ozonide, promoted the polymerization. 
Analyses and data on the molecular weight conformed closest to the dimer of 











lid 
ith 
ver 
ed. 


ict 
a: 


nic 
sof 
& 

cu- 
cid 


ned 

cts 
Lor, 
low 

nie 
the 
me- 
yer- 
ess. 


ANY 


‘ule 
rde, 
ion. 
yhol 
The 
tion 
» of 
the 
en- 
The 
the 
and 
ner. 
pro- 
the 
1 be 
ohol 
nyl- 
the 


ion. 
ar of 








STRUCTURE OF CHLOROPRENE POLYMERS 615 


the ethyl ester of B-formylpropionic acid. Several experiments were conducted 
on the decomposition of the ozonide by absolute alcohol containing 2-3 per cent 
hydrogen chloride gas in the presence of orthoformic ester. 

The a-polymer used for the decomposition was prepared by the polymeriza- 
tion of chloroprene at 40° C without a regulator. The a-polymer was also 
prepared in the same way as indicated above. For the ozonolysis 16.17 grams 
of the rubber was used. Theozonolysis lasted 65hours. The end of the ozonol- 
ysis was determined by the cessation of the formation of a suspension on addi- 
tion of alcohol to a sample of the ozonide. The chloroform was distilled off 
from the ozonide in a vacuum. To the ozonide 48 grams of absolute alcohol 
containing 2 per cent hydrogen chloride gas and 18.2 grams of orthoformic 
ester were added. The mixture was allowed to remain at room temperature 
for 6 days. 

The results of an analysis of the solution were: 


Hydrogen chloride 0.94 g. 
Acid number 12.27 
Saponification number 379.7 


Reaction with hydroxylamine for the presence of free aldehyde gave nega- 
tive results. The alcohol was distilled off from the product (in a vacuum at 
100 mm.), and the free hydrochloric acid which remained was neutralized with 
anhydrous potash. Two fractions were obtained on distillation: 


Fraction I 78-87°C at 8 mm. 13.4 g. 
Fraction II 110-120° C at 8 mm. 5.2 g. 


Analysis of fraction I: n2? 1.4234; 42° 1.0527; MRp 42.13; calculated for the 
diethyl ester of succinic acid MRp 42.45. Saponification number 649.9; 
calculated for the diethyl ester 644.8. 

It can be seen from the analysis that Fraction I consisted basically of the 
diethyl ester of succinic acid. 

Analysis of fraction II: n2? 1.4359 ; d3 1.0884; acid number 269.1 ; saponifica- 
tion number 760.1-758.1. 

In addition, the acetal content was determined in this fraction. This 
determination was conducted in the following manner. The sample was 
heated on a water bath for two hours with a 0.5 NV solution of hydrogen chloride, 
and then was allowed to remain overnight at room temperature. The hydro- 
chloric acid was neutralized with alkali, and a solution of the hydrochloride of 
hydroxylamine was added to the neutral solution in the presence of an indi- 
cator. The hydrochloric acid evolved as a result of the formation of the oximes 
was titrated with a solution of barium oxide in the presence of phenolphthalein. 
The content of acetals in this fraction was 28.6 per cent. Thus, this fraction 
represents a mixture which contains up to 28.6 per cent of the acetal of 8-formyl- 
propionic acid. Actually, after heating this fraction with a solution of hydro- 
gen chloride, the addition of fuchsinsulfurous acid produced a red color, charac- 
teristic for B-formylpropionic acid ; after neutralization of the hydrogen chloride 
with alkali, a silver mirror formed during heating with Tollens reagent. 

The 8-formylpropionic acid was identified by its condensation with p-nitro- 
phenylhydrazine. The product was first hydrolyzed cold with a solution of 
hydrogen chloride; then an acetic acid solution of p-nitrophenylhydrazine was 
added. Crystals separated, which, without recrystallization, had a melting 
point of 174° C. The melting point of the p-nitrophenylhydrazone of B-formyl- 
propionic acid is 181° C'’. The lower melting point is explained by the fact 
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that the product, which was not recrystallized, owing to its small quantity, 
contained impurities. 

Several experiments were conducted on the decomposition of the ozonide 
of the chloroprene polymer by the above method with the aim of accumulating 
a larger quantity of the product. The chloroprene was polymerized to 20 
per cent (soluble stage of the B-polymer). The polymer was purified as indi- 
cated above. For ozonolysis 15.9 grams of the polymer was used. The ozonol- 
ysis lasted for 13 hours. The ozonolysis was stopped when a sample weakly 
discolored a bromine solution in chloroform, but still gave a significant suspen- 
sion with alcohol. This indicated the presence of unozonized rubber. 

In all the experiments on the decomposition of the ozonide by ethyl alcohol, 
ozonolysis was not conducted to completion, and part of the polymer remained 
unozonized ; the unozonized part was precipitated by aleohol and determined by 
drying to constant weight in a thermostat or by distillation in a vacuum. 
The ozonolysis was not conducted to completion so as to prevent decomposition 
of the ozonide during ozonolysis by the action of the ozone. The solvent was 
distilled off from the ozonide in a vacuum by heating on a water bath at 25° C 
There was obtained 21.9 grams of the ozonide. There was added to it 40 grams 
of absolute ethyl alcohol containing 2 per cent hydrogen chloride gas and 18 
grams of orthoformic ester. The ethyl alcohol solution was added to the 
ozonide stepwise, with cooling by an ice mixture. The product was held for 
4 days at room temperature. The alcohol was distilled off in a vacuum at 
100 mm. Calcined potash was added to the remainder for combining the free 
hydrogen chloride. The potash was filtered off, and the product was frac- 
tionated. There distilled over 2.1 grams at 9 mm. and at 96°C. A resinous 
product remained in the distillation flask. This product was purified of resins 
by precipitation with absolute ethyl alcohol; the alcohol was distilled off, and 
the remainder was distilled in a vacuum at 17 mm. (b.p. 170-200° C). 

Analysis of Fraction I: b.p. 110-115° C at 12 mm.; d39 1.0499; nj? 1.4234; 
saponification number 622.6—632.8; acid number 15.1; saponification number 
for the diethyl ester of succinic acid 644.8. 

Thus, Fraction I contained basically the diethyl ester of succinic acid. 

Analysis of Fraction II: b.p. 170-200° C at 17 mm.; 38 1.1246; n? 1.4702; 
saponification number 411.9—-414.1; acid number 25.8—25.7. 

For comparison with the products obtained earlier and for accumulation of 
Fraction II, decomposition of the ozonide of the a-polymer of chloroprene was 
carried out by absolute ethyl alcohol without the addition of orthoformic ester. 
The weight taken for the ozonolysis was 21.2 grams of the a-polymer of chloro- 
prene. The conditions of ozonolysis were the same as in previous experiments. 
The ozonolysis lasted 32 hours. To the ozonide was added 90 grams of absolute 
alcohol containing 2.7 per cent hydrogen chloride gas. The mixture was 
allowed to stand at room temperature for 6 days. After distilling off the alco- 
hol, the product was fractionated. 

Fraction I: b.p. 88-90° C at 8 mm.; 4.1 g. was obtained; n7? 1.4278. Frac- 
tion I, according to the b.p. and the refractive index, corresponded to the 
diethyl ester of succinic acid. 

Fraction II: b.p. 100-150° C at 8 mm.; 1.9 g. was obtained; d3) 1.1128; 
ny 1.4582; saponification number 503.2-513.7; acid number 57.99-58.88. 

The acid number indicated that the product was impure and contained 
free succinic acid. The product was purified by dissolving it in sulfuric ether, 
washing with bicarbonate solution until neutral, drying over sodium sulfate, 
and distilling. 
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B.p. 150-170° C at 14 mm.; d3§ 1.1012; n?? 1.4614; saponification number 
449.4—452.3; acid number 3.9-4.6; elementary analysis, C 52.29%, H 7.58%; 
ethoxy numbers 29.59%, 28.21% OC.Hs. ' 

The product, according to the analysis, was closest to the ester of a-formyl- 
propionic acid, and according to the boiling point was probably the dimer or 
trimer. 

Calculated constants for the ester of 8-formylpropionic acid (CHOCH>:- 
CH.COOC,2H;5) ; saponification number 431.3; ethoxy number 34.64; C 55.35%, 
H 7.74%. 

The poor conformity of the elementary analysis with the calculated is 
explained by the fact that the material was apparently impure. 


Decomposition of the a-polymer of chloroprene obtained during polymerization in 
the presence of a regulator 

Chloroprene was polymerized at 40° C to 60 per cent. There was taken 
21.6 grams of the polymer, and the ozonolysis lasted for 36 hours. The solvent 
was distilled off from the ozonide under a vacuum, and 90 grams of absolute 
ethyl alcohol containing 3.5 per cent hydrogen chloride gas was added to it. 
After standing at room temperature for 4 days the hydrogen chloride was 
neutralized with potassium hydroxide, and the product was fractionated. 

Fraction I: b.p. 89-90° C at 11 mm. According to the refractive index and 
the b.p., this fraction corresponded to the ethyl ester of succinic acid. 

Fraction II: b.p. 120-160° C at 11 mm.; 4.2 g. was obtained. 

There remained in the distillation flask 2.1 grams of a resinous product. 
The product from Fraction II gave an acid reaction; apparently, it contained 
free succinic acid, which may have been formed by decomposition of the 
ozonide during ozonolysis or at the time of the removal of the solvent by dis- 
tillation. With the aim of freeing the product of acids, it was dissolved in 
diethyl ether, and the ether solution was washed with a solution of bicarbonate 
until neutral and dried over sodium sulfate; the remainder, after separation of 
the solvent, was distilled. The product had the following constants: b.p. 
170-174° C at 12 mm.; n?? 1.4615; d38 1.1027. 

The saponification numbers were determined by heating with a solution of 
alkali on a boiling water-bath for two hours, and also after standing for 24 
hours at room temperature. 

Saponification number on heating, 422.1-422.2; at room temp., 414.9- 
423.0. C 54.69%; H 7.72%. 


0.1231 g. of material; 13.732 g. of benzene: At 0.194° 

0.1926 g. of material; 13.732 g. of benzene: At 0.306° 

0.3226 g. of material; 13.732 g. of benzene: At 0.51° 
Molecular weight found: 234.6, 232.7, 233.9 


The analyses were close to the calculated constants for the ethyl ester of 
the dimer of B-formylpropionic acid. The product gave a red color with fuch- 
sinsulfurous acid. Crystals, with m.p. 191° C, separated with p-nitrophenyl- 
hydrazine in an acetic acid solution. 


Control of ozonolysis by the bromine numbers according to Pummerer’s method 


Several experiments were conducted on the titration of the chloroprene 
polymer by a bromine solution at the time of ozonolysis. 








618 RUBBER CHEMISTRY AND TECHNOLOGY 


In view of the fact that chloroprene rubber has a different structure from 
that of natural rubber, several preliminary experiments were conducted on the 
bromination of the a-polymer of chloroprene with the aim of selecting conditions 
for the determination of the unsaturation by bromine. The titrations were 
conducted with 0.1 N and 0.5 N solutions of bromine in chloroform; in addi- 
tion, the influence of light was investigated. The titrations were conducted in 
daylight and in the light for a short period of time from a 100-watt electric 
lamp to give an impulse to the bromination and separation of hydrogen bro- 
mide which, apparently, catalyzes the bromination; finally, the titration was 
conducted in darkness. 

It was established that bromination of the chloroform solution of the 
polymer was accelerated by light from the electric lamp. Bromination pro- 
ceeded slowly in darkness. On the basis of the experiments, bromination and 
separation of the hydrogen bromide in the case of chloroprene rubber pro- 
ceeded the same as for natural rubber. The expenditure of bromine for the 
titration of the rubber for specific intervals of time is the same. Absorption 
of bromine stopped at the critical point. 


Controlled titration of the unozonized rubber 

The a-polymer of chloroprene was prepared and purified by the above 
method. The concentration of the polymer in chloroform was 3.2 per cent. 
Titration was conducted with a 0.5 N solution of bromine in chloroform and a 
0.1 N solution. Absorption of bromine was 91.1 per cent of the theory. The 
data are given in Table I. 


TABLE | 
Quantity Quantity Quantity 
of Percentage of 0.1 N Quantity of Br Concentration of the 
polymer of polymer bromine of Br for theoretically Br solution 
Expt. solution in the solution titration required used for the 
no. (mg.) solution (ec.) (g.) (g.) titration 
1 10 5.77 31.3 1.249 1.359 0.5 N 
2 10 3.2 17.0 0.675 0.797 0.5 N 
3 10 3.2 84.12 0.673 0.797 0.5 N (in the light) 
4 10 3.2 3.35 0.0264 0.797 0.1 N (in the dark) 
5 10 3.2 4.6 0.0366 0.797 0.1 N (in the dark) 


Titration of rubber by a bromine solution at the time of ozonolysis 

The concentration of the a-polymer of chloroprene in chloroform was 3.2 
per cent. Oxygen (5 per cent ozone) at the time of ozonolysis was passed at a 
rate of 3 liters per hour, during which the rate of passage was such that ozone 
did not escape in the exit gas, which was checked with a solution of potassium 
iodide in starch in the last absorber. Titration of the ozonized rubber was 
conducted stepwise by the addition of a bromine solution; the titration was 
considered complete when the bromine solution was not discolored within ten 
minutes. The data are given in Figure 1 and in Table II. 

As can be seen from the data, ozonolysis reached a ctitical point within 
420 minutes, after which the bromine numbers fell off sharply. Ozonolysis 
at the critical point can be considered complete, this can be confirmed also by 
the fact that a sample did not give a precipitation or suspension with alcohol. 


Bromination of the rubber at the time of ozonolysis with the simultaneous determa- 
nation of hydrogen bromide 
As indicated above, absorption of bromine occurred because of substitution. 
Substitution can be established by the fact that at the time of titration hydrogen 
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TaBLe II 
Quantity Percentage 
of of Ixpenditure Quantity 
dissolved rubber Time of of Br Quantity of Br 
Expt. rubber in the ozonolysis (ce. of a 0.1 N of Br theoretically 
no. (cc.) solution (min.) solution) (g.) required 
1 5 3.2 30 38.5 0.308 0.398 
2 5 3.2 70 37.5 0.299 0.398 
3 5 3.2 100 37.4 0.304 0.398 
4 5 3.2 160 38.4 0.308 0.398 
5 5 3.2 220 35.57 0.291 0.398 
6 5 3.2 280 35.77 0.286 0.398 
7 5 3.2 320 35.36 0.285 0.398 
8 5 3.2 360 36.2 0.289 0.398 
9 5 3.2 420 35.0 0.281 0.398 
10 5 3.2 458 0.25 0.02 0.398 


bromide was split off. Experiments were conducted on the quantitative de- 
termination of hydrogen bromide with the aim of determining the liberated 
hydrogen bromide during ozonolysis. 

The concentration of the a-polymer of chloroprene in chloroform was 3.4 
percent. The conditions of the ozonolysis were the same as in previous experi- 
ments. Titration of the ozonized rubber was conducted with a 0.1 N solution 
of bromine in chloroform. The liberated hydrogen bromide was collected in a 
0.1 N solution of silver nitrate (the determination was conducted in a special 
apparatus!), 


TaBLe IIT 
cmap ey gusty 
Time of 0.1 N Br Quantity of theoretically AgNOs HBr Percentage 

Expt. ozonolysis _ solution Br used required solution found HBr 
no. (min.) (ce.) (g.) (g.) (ce.) (g.) found 

] 0 26.4 0.2111 0.397 3.76 0.0304 17.0 
2 60 25.8 0.2056 0.397 0.49 0.012 5.83 

3 180 26.4 0.2111 0.397 0.79 0.0063 2.9 
1 300 25.6 0.2044 0.397 4.92 0.0398 19.47 
5 360 24.7 0.2022 0.397 5.95 0.0481 23.79 
6 525 24.3 0.1942 0.397 7.96 0.0644 33.16 
7 555 aA 0.0866 0.397 1.57 0.0127 14.66 


After absorption of bromine ceased, air was passed through the solution for 
half an hour for complete removal of the hydrogen bromide. The excess silver 
nitrate was titrated by ammonium thiocyanate, and the content of hydrogen 
bromide was calculated. The data are given in Figure 2 and in Table III. 

As can be seen from the data, the quantity of hydrogen bromide liberated 
increased with time, and after 525 minutes of ozonolysis was 33.16 per cent. 
It then fell off sharply at the critical point, i.e., the data are in complete agree- 
ment with the data of Pummerer for natural rubber. 


CONCLUSIONS 


1. Chloroprene polymers obtained by various methods of polymerization 
(with a regulator, in emulsion, thermally at 80° C) and a liquid chloroprene 
polymer were subjected to ozonolysis. 

2. Succinie acid was formed in all the experiments, as the main decomposi- 
tion product of the ozonide, in quantities from 82 to 96 per cent of the carbon 
skeleton, 
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3. Decomposition of the ozonides was effected with absolute alcohol con- 
taining hydrogen chloride gas, with and without the addition of orthoformic 
ester, with the aim of establishing the relative arrangement of the units. The 
diethyl ester and the acetal of succinic acid, as well as the ethyl ester of the 
dimer or a mixture of the monomer and the trimer of 8-formylpropionie acid, 
were obtained. The structure of this product requires further investigation. 

4. In spite of the many different methods used, the presence of succinalde- 
hyde could not be detected either in the a-polymer obtained with the aid of a 
regulator or in the other polymers. 

5. Control of the ozonolysis was accomplished by quantitative change of 
the bromine numbers during ozonolysis; the consumption of bromine appeared 
to be constant up to a critical point corresponding to the end of the ozonolysis; 
at this point the bromine numbers fell off sharply. 

It was found that the consumption of bromine occurred chiefly at the 
expense of the substitution reaction, which was indicated by the evolution of 
hydrogen bromide. 

7. Based on the data, it is believed that the chloroprene polymers obtained 
by different methods possess a substantially normal structure of a macro- 
molecule with units arranged in the 1,4-1,4 position. 

8. The low yield of succinic acid (85 per cent from chloroprene polymerized 
in emulsion) and the incomplete balance (89.3 per cent instead of 97.78 and 
99.58 per cent) when polymerized in a mass were caused by the insufficient 
purification of the insoluble u-polymer from the emulsifier and other admixtures 
constituting the ingredients of the emulsion. 

9. In a similar way, the low yield of succinic acid (82.16 per cent) and the 
incomplete balance of the experiment (87.66 per cent) when the liquid batch 
of the polymer obtained in the presence of a regulator was ozonized depend, 
probably, on the presence of the reaction products of the polymers with the 
regulator which were not accounted for or investigated in detail. 


The latter polymers will be investigated at a later date. 
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X-RAY INVESTIGATION OF THE CRYSTALLIZATION 
OF VULCANIZED RUBBER ON STRETCHING * 


B. V. Lukin anp V. I. KasatTocHKIN 


X-Ray Lanoratory, Screntiric Researcn INSTITUTE OF THE TriRE INpDustTRy, U.S.S.R. 


INTRODUCTION 


x-Ray studies of the crystallization of rubber when stretched have estab- 
lished the dependence of the important physico-mechanical properties of vul- 
canized rubber on the ability of rubber to crystallize on stretching!. 

In the work of Field?, which was concerned with the relation between the 
amounts of crystalline and amorphous phases in stretched rubber, there is 
recorded the interesting fact that maxima appear on the curves of vuleaniza- 
tion time vs. percentage of crystalline phase (determined by the comparative 
intensities of the interference regions in the x-ray pattern). 

The position of the maxima correspond approximately to the optimum 
vuleanization times. 

The interpretation of this effect by Field assumes a rigid network of sulfur 
bridges, which at the first stage of vulcanization contribute to the formation of 
crystals, transmit the internal stress in the mass of the material, and hinder the 
plastic flow of the rubber. 

In the subsequent stages, the increasing number of juncture points becomes 
a factor, decreasing the mobility of the molecules and interfering with their 
orientation into a crystalline lattice. 

This simplified treatment of the complex molecular mechanism of vulcaniza- 
tion seems to the present authors to be too schematic, and it does not take into 
account the series of extremely important, experimentally observable effects, 
for example, the oxidative and thermal degradation phenomena of rubber 
which generally accompany vulcanization, and the ability of such degradation 
to produce an effect on the process of crystallization on stretching. 

Undoubtedly, however, this investigation of the process of crystallization 
of stretched rubber in its relation to the degree of vulcanization is of interest, 
hoth from the point of view of the development of the principles governing the 
physical and mechanical behavior of vulcanizates and from the point of view 
of explaining the mechanism of the vulcanization process. 

In the present work «a detailed investigation of the effect of the amount of 
crystalline phase in vulcanizates subjected to stretching as a function of the 
time of vulcanization was undertaken, and a comparison with the effect on the 
tensile strength was made for a series of vulcanized stocks of different com- 
positions. 


_, * Translated by H. K. Livingston from the Zhurnal Tekhnicheskoi Fiziki (Journal of Technical Physics), 
Vol. 16, pages 1383-1388 (1946), 
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622 RUBBER CHEMISTRY AND TECHNOLOGY 
STOCKS INVESTIGATED AND EXPERIMENTAL METHODS 
The investigation was carried out with the following stocks: 
Stock I II II IV 
Ingredient 
Smoked sheet rubber 100 100 100 100 
Sulfur rf 7 7 7 ; 
Zine oxide 5 5 5 5 
Stearic acid 2 2 2 2 
Mercaptobenzothiazole 0.3 
Diphenylguanidine 0.378 
Thiuram — 0.427 
( 
The stocks were vulcanized at 143° C in a millimeter mold. The products t 
were cut into strips approximately 6 mm. wide. The strips were stretched to : 
the desired extent and exposed in this stretched form to an x-ray camera of the 
Debye type, using a strip adapter of special construction. Measurements 
were made at 35 kv. and 16-100 milliamps. per hour. 
80 
vy 
“ 
S 
—_— 
o. 
o 60 
= 
= 
VW 
4 
Fe 
S 
© 
SI 
a) 
= 20 
v 
- 
of 
0 
NS 
> ce 
& fi 
Q 1 
© 240 th 
) 
Es) 
@ ‘ 
+ 160 pl 
“” Ip 
© 
os of 
“ 
1s pl 
m 
° ae : ti 
Time of vulcanization rn minutes 
cr 
Fic. 1.—(a) The relation between percentage crystalline phase and time of vulcanization. (6) The lat 
relation between tensile strength and time of vulcanization. I. Unaccelerated stock; II. Stock containing ; 
mercaptobenzothiazole; III. Stock containing diphenylguanidine; IV. Stock containing thiuram. Is 











acts 
1 to 
the 
ents 


b) The 
taining 








CRYSTALLIZATION OF RUBBER BY STRETCHING 623 


The z-ray diagrams were measured by visual rating and, in addition, micro- 
photometrically, using a Zeiss recording microphotometer. 

Microphotometric measurements were made in two directions: first, over 
the interference spots of index [200] and [020], and second, just over the halo. 

The percentage of crystalline phase was determined by this method, as 
suggested by the work of Field?. The mechanical testing was carried out on a 
Seott machine with the standard speed (500 mm. per min.). 


RESULTS OF THE INVESTIGATION 


Figure 1 represents the results of the determinations of the percentage of 
crystalline phase developed in vuleanizates on six-fold elongation in relation 
to the vulcanization time. Vuleanizates of Stocks III and IV could not be 
elongated six times after a certain definite vulcanization time (for Stock ITI, 
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Kia. 2.—Relation of percentage crystalline phase and time of vulcanization for Stock II at 
different degrees of elongation. 


over 60 minutes, for Stock IV, over 3 minutes). The continuation of the per- 
centage crystalline phase-vulcanization time curve of Stock III is given for a 
five-fold elongation. Vulcanizates of Stock IV could be stretched six times for 
three minute cures; for a five-fold elongation the limit was reached in 3 to 
5 minutes. 

The maxima on the percentage crystalline phase-vuleanization time curves 
can be clearly distinguished graphically. The positions of the maxima are dis- 
placed to the region of very short times for those mixes containing accelerators. 
The increase in the percentage of crystals in a sample may be used as a measure 
of the decrease in vulcanization time for the maximum percentage of crystalline 
phase. 

Figure 2 presents the curves for crystal formation in Stock II (containing 
mercaptobenzothiazole) for different elongations. 

The maxima for all three curves occur at one and the same vulcanization 
time. The absolute value of the percentage crystallinity decreases with de- 
creasing degree of elongation. The progress of the curves beyond the maxima 
laterally at increasing vulcanization times for increasing degrees of elongation 
is characterized by increasing percentages of crystalline phase. At a five- 
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fold elongation, crystals were not formed in products with vulcanization times 
of 110 minutes or more, and at a four-fold elongation, above about 60 minutes. 
The results of the mechanical tests* are shown in Figures 1, 3, and 4. It is 
interesting to note that the positions of the maxima on the tensile strength as a 
function of vulcanization time, generally observed by measurement on a 
similar stock, coincide with the positions of the maxima of crystallinity. 
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Fig. 3.—Stress-strain curve for Stock II after various times of vulcanization. 
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Fig. 4.—Residual and relative elongations of Stocks Iland III. I. Residual elongation of Stock a; 
II. Relative elongation of Stock II; III. Residual elongation of Stock III; IV. Relative elongation © 
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For example, Stock I shows a maximum in its crystallinity curve at 100 
minutes, Stock II at 20 minutes, and Stock III at 60 minutes. The maxima 
in the tensile strength curves, correspondingly, coincide with these same times. 


DISCUSSION OF THE RESULTS 


Raw stocks generally do not crystallize on stretching. Vulcanizates in the 
early stages after a short time of vulcanization do not form erystals either. 
For example, Stock I on vulcanization for 10 minutes did not give the slightest 
evidence of crystals. For Stocks II and III, containing accelerators, this 
limiting time corresponded to 2 and 3 minutes. Beginning with a certain time, 
which depended on the composition of the stock, the ability to crystallize on 
stretching increased rapidly. On the percentage crystalline phase-vulcaniza- 
tion time plot (Figure 1), there was observed an abrupt rise to some maximum 
value, after which the percentage of crystalline phase decreased with extension 
of the vulcanization time. Similar relations have been observed for curves with 
related elongations. The known behavior of vulcanizates is easily understood 
from the point of view of a progressive increase in the concentration of cross- 
links, which are formed by the reaction of sulfur with rubber. It may be 
proposed that, in the first phase of vulcanization, a network is formed without 
interfering factors. In this stage sulfur bridges lead to aggregation of the 
molecular chains. In the last phase vulcanization of the separate aggregates 
binds them together and forms three-dimensional chains overall. 

This moment is reflected in the curves by a rapid increase in the percentage 
of crystals. In possible agreement with the hypothesis? that the later accumu- 
lation of bridges already decreases the mobility of the molecular chains, there is 
difficulty in the resultant process of crystallization on stretching. 

The addition of accelerators, as might be expected, shifts the maxima on the 
curves of crystallinity to the region of smaller values of time of vulcanization. 
Together with this, the accelerators cause a marked increase in the percentage 
of crystalline phase at the maximum on the curve of crystallization. 

It is proposed that the process of oxidizing rubber, which necessarily ac- 
companies vulcanization, has an effect on the course of the curve relating the 
percentage of crystalline phase to the vulcanization time for the maxima. 
There are a number of experimental facts attesting to the substantial effect 
of the process of oxidative destruction of rubber on its physical mechanical 
properties‘. This effect is accentuated by increasing times of contact of the 
material with oxygen of the air, and, naturally, by increasing temperatures. 

Experimental evidence of the effect of oxidative destruction can be found 
in the fact that the percentage of crystalline phase at the maximum is greater 
for accelerated stocks (Figure 1), which may be interpreted as the result of 
reduced time of the accelerated stocks at the elevated temperatures, in com- 
parison with the unaccelerated stock, and, consequently, less favorable condi- 
tions for thermal-oxidative degradation. For example, Stock I contained 63 
per cent of crystals at the time of reaching the maximum amount of crystallinity 
(100 minutes), but for Stock II the percentage of crystals reached 74 per cent 
for a vulcanization time of 20 minutes. 

The presence of oxidation products, as it seems, may explain the reversal 
of the stress-strain curves. For example, the system of curves for Stock II 
in Figure 3 shows decreasing tension for a given elongation as the vulcanization 
time increases above 60 minutes. This can be considered to be the result of 
an inerease in plasticization at the expense of the accumulated products of 
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oxidation. The increase in plasticity, in such a case, exerts an influence on the 
amount of crystalline phase. On the curve relating the percentage of crystal- 
line phase to the time of vulcanization, the decrease in the percentage of crystals 
with increasing time of vulcanization after the maximum is seen to be important. 

It is interesting to note that the decrease in the percentage of crystalline 
phase after the maximum on the curve of crystal formation appears to be more 
abrupt at lower elongations (Figure 2). 

This effect, apparently, is connected with the socalled creep. With de- 
creasing elongation, as was reported in the work of Field*, the percentage creep 
increases; at the same time there is an inverse relationship between the per- 
centage creep and the percentage of crystalline phase. 


SUMMARY 


1. z-Ray methods have been used to investigate the amount of crystalline 
phase in stretched samples as a function of the vulcanization time. 

2. Curves relating the percentage of crystalline phase to the vulcanization 
time have sharply defined maxima. 

3. A comparison of the curves relating tensile strength to vulcanization 
time with the curves of crystal formation shows their analogous character, the 
position of the maxima approximately corresponding to one and the same 
vulcanization time. 

4. The position of the maxima on the curves of crystal formation is not 
related to the degree of stretching. 

5. The effect of accelerators is to shift the maximum on the curve of crystal 
formation to the region of short vulcanization times and to increase the per- 
centage of crystalline phase. 

6. The curves of crystal formation and of tensile strength, and thus the 
behavior of the stress-strain curves for various vulcanization times, is inter- 
preted from the point of view of the existence of two processes—the process of 
forming a network of cross-links by the interaction of rubber with sulfur, and 
the process of oxidative degradation of the rubber. 
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X-RAY DIFFRACTION STUDY OF SOME SYNTHETIC 
RUBBERS AT LOW TEMPERATURES * 


I. EK. HANson anno G. HAtverson 


CHEMICAL AND PuysicaL RESEARCH LABOKATORIES, THE FIRESTONE ‘TIRE AND RUBBER Co., 
AKKON, OHIO 


The use of the powerful x-ray diffraction method for the study of high 
polymers had its inception in 1925 with the experiments of Katz! on natural 
rubber. He observed that the x-ray diffraction pattern of stretched rubber 
consisted of a broad halo with a superposed set of discrete spots characteristic 
of crystallites oriented in the direction of stretching. Hauser and Rosbaud? 
observed that the diffraction pattern of frozen unstretched rubber consisted of 
sharp coneentrie rings characteristic of a randomly oriented polycrystalline 
material. From such x-ray data have been determined the unit cell of the 
rubber crystallite’, the arrangement and the shape of the molecular segments 
in the unit cell, and the size and shape of the rubber crystallites‘. In addition, 
the x-ray diffraction method has yielded important information regarding the 
structures of a host of other polymers®, particularly those of plastics and fibers, 
most of which give well developed fiber diagrams. Examples of synthetic 
rubber polymers which crystallize on stretching are Neoprene’, polyisobutylene’, 
and Thiokol’. However, it is unfortunate that the majority of synthetic 
rubber polymers give only an amorphous halo, and therefore the x-ray diffrac- 
tion method can give correspondingly little information regarding the struc- 
tures of these polymers. 

The work to be discussed was an attempt to cause whatever regularity 
was present in some ‘‘noncrystalline” synthetic rubber polymers to show up in 
the x-ray diffraction experiment. The raw polymers were used because they 
can be elongated to a greater extent than the vulcanizates and because the 
cross-linking of molecular chains by vulcanization probably interferes with 
crystallization. Sinee the thermal motions of the molecular segments tend to 
prevent the relatively weak intermolecular forces from forming aggregates, the 
temperature of the polymer was reduced as much as possible before stretching. 
Von Susich® found that the fibering of natural rubber on stretching depended 
on temperature, the amorphous fraction being favored by raising the tempera- 
ture. Hauser and Mark!® suggested freezing stretched natural rubber. To 
prevent relaxation of the elongated specimen during x-ray exposure, the speci- 
men was frozen in an aleohol—dry ice bath immediately after stretching, and the 
specimen was maintained at a temperature of —65° to —70° during the x-ray 
exposure. Essentially the same technique had been used in 1928 by Hock 
and Barth" in their study of polydimethylbutadiene, but their data did not 
permit calculations of the Bragg spacings of the diffraction lines. 

The following steps were used in the manipulation of the specimens. 1. 
Cool the specimen to a temperature at which it may still be readily elongated. 
2. Quickly stretch the sample to as high an elongation as possible. 3. Im- 


* Reprinted from the Journal of the American Chemical Society, Vol. 70, 779-783, February 1948. 
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mediately freeze it at a temperature of —70° in an alcohol—dry ice bath. 
4. Obtain the x-ray exposure at a temperature of —65° to —70° in a special 
camera. 

At the temperature of —65°, all of the polymers except emulsion poly- 
merized butadiene were stiff enough to remain in their extended condition with- 
out clamping. To determine the elongation of the specimen, the length at 
—70° was measured, the specimen was allowed to warm up to room tempera- 
ture, and the length of the relaxed sample was again measured. Conceivably, a 
small amount of permanent set was present in the relaxed state, and so the 
percentage of elongation recorded in the present data may be somewhat low. 


APPARATUS 


A General Electric x-ray diffraction unit was used, with either a copper 
target or a molybdenum target tube. The copper radiation was filtered by 
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Fic. 1.—Low temperature x-ray camera. 


nickel foil, and the molybdenum radiation was filtered with a commercial 
zirconium oxide filter. 

A sketch of the low temperature camera is shown in Figure 1. 

A box was made from 0.25-inch bakelite plates. One side was clamped 
firmly to the post supporting the collimating pinhole assembly. The film 
holder and the other four sides were mounted separately on a post which could 
be moved along the track. The five sides of the box were constructed to tele- 
scope over the sixth side (clamped to collimator assembly). Thus the speci- 
men-to-film distance could be varied at will from 0 to 15 cm. The specimen 
holder consisted of a copper block with a recess cut away to receive a removable 
copper disc to which the specimen was clamped... The copper block was con- 
structed with a 0.25-inch square channel, through which chilled acetone was 
pumped. The acetone circulating and cooling system is shown in Figure 2. 
It consists of an automobile fuel pump, which was run continuously, a copper 
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coil immersed in a dry ice—acetone bath, a manually controlled needle valve for 
rough adjustment of the flow through the tubing by-passing the cooling coil, 
a second needle valve which was driven by a revers*}! .notor controlled by a 
Micromax controller-recorder, and in the line a bi. etcllie spiral thermostat, 
which acted as a limit switch. In this study, the automatic controls were not 
used because the specimen temperature was kept as low as possible. The 
specimen temperature was measured with a thermocouple clamped in the 
copper block close to the path of the x-ray beam. 
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Fic. 2.—-Circulating system. 
RESULTS 


The following polymers were studied: emulsion and sodium polymerized 
butadiene, emulsion polymerized 75/25 butadiene-styrene copolymer, emul- 
sion and sodium polymerized isoprene, and emulsion polymerized dimethyl- 
butadiene. Morris and Jordan™ found that a tread-type vulcanizate of GR-S 
produced weak maxima on the equator of the x-ray diagram. Hock and 
Barth" observed a crystallization of polydimethylbutadiene when the raw 
polymer was stretched at a low temperature, but their patterns were incom- 
plete and no spacings were given. Evidence for the crystallization of poly- 
dimethylbutadiene was also found by Katz and van Campen'. They ob- 
served that the x-ray pattern of a stretched sample of an especially prepared 
methyl rubber vulcanizate contained a single pair of equatorial spots (d= 4.3 A.) 
and two elongated ares on the meridian (d=3.2 and 2.3 A., respectively). No 
evidence has been found in the literature" to indicate that any of the other 
polymers listed above show any ordering in the stretched condition". 

Polybutadiene-emulsion polymerized.—Figure 3 is an x-ray diffraction pat- 
tern of emulsion polymerized butadiene elongated 500 per cent at a tempera- 
ture of —70°. The very intense equatorial arcs occur at a Bragg distance of 
4.06 A. and the second pair of weak equatorial arcs at 2.33 A. On the meridian 
two very weak ares are observed at 2.26 and 1.16 A., respectively. The two 
ares were interpreted as second and fourth order reflections, respectively. 
The are at 2.26 A. could possibly be due to two unresolved spots near the 





RUBBER CHEMISTRY AND TECHNOLOGY 











5 


Emulsion polybutadiene stretched 600% at —30°. 
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Fie. 6.—Sodium polybutadiene stretched 470% at —40°. 


Emulsion polybutadiene—0% elongation, —70°. 
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meridianal axis. The limiting values for the spacings of hyperbolic layer lines 
that can be drawn through the are are 4.58 and 4.8 A. The are at 1.16 A. lies 
close to the axis, and the corresponding layer line of fourth order gave an 
identity period of 4.8 A. which agrees with the largest calculated value derived 
from the 2.26 A. are. Since the planar zig-zag trans-chain has an identity 
period of 5.05 A., this constitutes evidence for the trans-structure of poly- 
butadiene in accordance with the statements of Meyer’ and of Mark", 

The equatorial spacings are interpreted as the distances between the ex- 
tended molecules. Now, the equatorial spot corresponding to the larger inter- 
molecular distance is by far the more intense of the two. The degree of this 
difference is indicated in Figure 4 which is an x-ray pattern taken under similar 
conditions but with a shorter exposure time and a greater specimen to film 
distance. The second equatorial arcs and the meridianal ares would be too 
weak to be registered by this exposure. Therefore, it seems likely that the 
extended frozen polymer is composed of an appreciable percentage of amorphous 
material and a larger percentage of molecules which are divided into two cate- 
gories of ordering: 1. By far the most numerous of the ordered molecules are 
lined up in the direction of stretching, without forming a three-dimensional 
lattice. Fuller and Baker'® refer to this type of ordering as mesomorphic. 
The very intense equatorial spots are due to scattering from these molecules. 
2. The weak equatorial are at 2.33 A. and possibly another obscured by the 
4.06 A. intense are, and the two weak meridianal ares, are due to relatively few 
crystallites formed of chain segments composed of all 1,4-addition butadiene 
presumably in the trans-form. 

x-Ray diffraction photographs were also obtained for specimens at zero 
elongation. At room temperature, the Bragg spacing for the point of maximum 
intensity of the single amorphous halo was 4.58 A., which agrees well with 
Katz!® value of 4.6 A. for liquid butadiene. The x-ray diffraction pattern of 
the unstretched polymer obtained at minus 70° is shown in Figure 5. Besides 
the amorphous halo, a sharper ring occurs at a distance of 4.01 A., which agrees 
fairly well with the spacing observed for the most intense of the equatorial 
spots for the stretched specimen. (The ring survived on extraction of the 
specimen.) It is apparent, therefore, that at the lower temperature there are 
groupings of parallel molecular segments reminiscent of the smectic state in 
certain liquids. The amorphous halo has shifted to a lower value, 4.31 A., 
as would be expected from the positive coefficient of linear expansion of the 
polymer. 

Polybutadiene—sodium polymerized.—Saffer and Johnson®, using the per- 
benzoic acid addition method, have determined the percentages of 1,4-groups 
occurring in the polymers referred to in this paper. 

They found that the sodium polymer of butadiene contained 40 per cent of 
1,4-units, compared with 75 per cent of 1,4-units for the emulsion polymer. 
Since side groups presumably occur at random along the chain, it is to be ex- 
pected that the sodium polymer would exhibit much less ordering than the 
emulsion polymer. That this is true may be seen from Figure 6 which is the 
x-ray diagram of the sodium polymer elongated 470 per cent at —40°. A slight 
amount of alignment of molecules is observed from the pair of very weak and 
very extended equatorial arcs. The equatorial ares occur at a Bragg spacing 
of 5.85 A., contrasted to the main equatorial spacing of 4.06 A. for the emulsion 
polymer. The larger interchain distance for the sodium polymer would be 
expected from the larger amount of side groups present. 
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\V F1a. 7.—GR-S stretched 600% at —50°. 
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Fre, 8,—Emulsion polyisoprene stretched 550% at —55°. 














RUBBER CHEMISTRY AND TECHNOLOGY 





Fig. 9.—Sodium polyisoprene— 600% elongation and 10°. 





Fie. 10.—Emulsion polydimethylbutadiene-—extended 670% at 0.0°. 
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Fic. 11.—Emulsion polydimethylbutadiene, elongated 650% at 0.0°. Stored at 0° 
for one hundred and forty-four hours. 


The Bragg spacing of the maximum intensity in the halo obtained from the 
unstretched polymer at room temperature was 5.92 A., which is considerably 
higher than the value of 4.6 A. given by Katz for the liquid monomer. This 
discrepancy is presumably due to the larger percentage of side groups present 
in the polymer. 

Butadiene—styrene copolymer.—Figure 7 is the x-ray pattern of GR-S 
elongated 600 per cent at minus 50°. The are at the equator and the are on 
the meridian appear at the same distances as for emulsion polymerized buta- 
diene. The inference is, therefore, that polybutadiene crystallites occur in 
GR-S. Whether the molecules participating in the formation of these crystal- 
lites also contain styrene units outside of the crystallites is a question. No 
other evidence of regularity was found in the polymer. 

It was found that milling the polymer tended to destroy the fiber pattern. 
A milling time of twelve minutes reduced the x-ray pattern to only the amor- 
phous halo, with only a slight enhancement at the equator. This may indicate 
that essentially pure chains of polybutadiene occur in the copolymer and that 
the milling process disperses them so thoroughly in the copolymer that they 
can no longer become associated in ordered aggregates. 

Polyisoprene—An additional factor promoting disorder in the polymer 
chains has been added in the case of polyisoprene, namely, the possibility of 
heterogeneous mixtures of head-to-head and head-to-tail additions of the 
monomer units. There is also the possibility of 3,4-addition. Therefore, it 
would be expected that these polymers would show less ordering than poly- 
butadiene. 

Figure 8 is the x-ray diffraction pattern of emulsion polymerized isoprene 
stretched 580 per cent at —55°. The only sign of ordering is the weak pair 
of extended ares appearing at 4.86 A. 
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Figure 9 is the diffraction pattern of the sodium polymer stretched 600 
per cent at +10°. Here, too, only a weak equatorial arc appears at 6.53 A. 

The emulsion polymer contains 90 per cent of 1,4-units and the sodium 
polymer 45 per cent of 1,4-units. The interchain distances, therefore, increase 
with increasing percentages of side groups. 

The room temperature x-ray patterns of the unstretched sodium and emul- 
sion polymers consist of halos occurring at 5.95 and at 5.10 A., respectively. 
The value given by Katz for the liquid isoprene halo is 4.9 A. The agreement 
between the values for the monomer and for the polymer, therefore, is seen to 
be improved by a higher proportion of 1,4-additions in the polymer. 

Polydimethylbutadiene (Emulsion).—Since polydimethylbutadiene is con- 
structed of structurally symmetrical monomer units, the only hindrances to its 
regularity of structure are the presence of side groups and the possibility of 
mixtures of cis- and trans-forms. The emulsion polymer is known to be com- 
posed of about 85 per cent 1,4-addition units. Therefore, it should exhibit a 
regularity of structure comparable with that of emulsion polymerized butadiene. 

Figure 10 is the x-ray pattern for emulsion polydimethylbutadiene stretched 
670 per cent at 0°. A single strong arc is present at 5.3 A. on the equator and 
three weak arcs on the meridian at 3.30, 2.24 and 1.17 A. The 1.17 A. are is 
extremely weak and is not reproducible on a photographic print. Katz and 
van Campen’s" values of 2.3 and 3.2 A. for meridional ares correspond quite 
well with the above values, but their value of 4.3 A. for the equatorial spot is 
in disagreement. Our value of 5.3 A. for the equatorial spot agrees well with 
their value of 5.4 A. for the amorphous halo. 

It was found that when the polymer was kept at 0° for one hundred and 
forty-four hours and elongated 650 per cent the equatorial spot at 5.3 A. was 
partially resolved into two spots at 4.8 and 5.8 A. and a third extremely weak 
are appeared on the equator at 3.9 A. The same pattern could also be obtained 
after three or more cycles of retraction and elongation at 0° without prolonged 
storage at this temperature. 

A tentative interpretation may be made of the meridianal ares in terms of 
the identity period of the molecule. If the ares occurring at the Bragg spacings 
of 3.30, 2.24 and 1.17 A. are interpreted as reflections of order 2, 3 and 6, 
respectively, and if the possible layer-line hyperbolas are drawn through the 
ares, the possible identity periods are 6.75 to 8.16, 6.72 to 8.26 and 7.38 to 9.0 A., 
respectively. Therefore the values which are common to all three ares lie 
between 8.16 and 7.38 A. This would correspond to a cis-struecture for the 
polymer. 

Since the equatorial spots are very intense, we can draw the same conclu- 
sions that we did for emulsion polybutadiene. A relatively small number of 
crystallites of 1,4-addition, polydimethylbutadiene, probably with a cis- 
structure, exist together with a relatively large number of molecules contain- 
ing side groups and which are lined up in the direction of stretch, but exhibit 
no other characteristics of regularity. In addition there is a large amount of 


the polymer which is amorphous in character. 

The maximum in the halo obtained from the unstretched polymer at room 
temperature corresponds to a Bragg spacing of 5.76 A. The value given by 
Katz for the liquid monomer is 5.3 A. The difference is probably due to the 
presence of the side groups in the polymer. 
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DISCUSSION 


The above x-ray diagrams were not necessarily obtained under the most 
ideal conditions. Long, Singer and Davey”! have shown that there is a lag 
in the fibering of rubber after stretching. Since the specimens were elongated 
by hand, it is not likely that the optimum conditions for fibering prevailed. 
The effects of temperature and of time will also need to be studied more thor- 
oughly than could be done in this preliminary report. However, the results 
obtained with the technique indicate that it has value in the study of “‘non- 
crystalline” high polymers. 

The observation was made that the Bragg spacing of the halo obtained 
from the relaxed specimen at room temperature depended on the quantity 
of side groups in the molecules. Similarly, the spacings of the equatorial are 
for the stretched specimens increased with increasing percentages of side groups. 
These values are tabulated in Table I. It may be possible to develop a method 
for calculating the percentages of side groups present in the polymer from such 
x-ray data. 

TABLE I 
CoRRELATION OF Sipe Groups with INTERMOLECULAR SPACING 





1,4-addi- Amorphous halo, A. Principal 

tion A —, equatorial 

Polymer %) Polymer Monomer arc (A.) 
‘mulsion-butadiene 75 4.6 4.6 4.06 
Sodium-butadiene 40 5.9 5.85 
Emulsion-isoprene ‘ 90 5.1 4.9 4.86 
Sodium-isoprene 45 6.6 6.53 
Emulsion—dimethylbutadiene 85 5.7 5.3 5.30 


It is not the purpose of this paper to discuss the correlation of physical 
properties and structures. However, it was observed that emulsion polybuta- 
diene retained its rubberlike extensibility down to —70°, but that sodium poly- 
butadiene was rigid at —70° and barely extensible at —60°. This constitutes 
evidence that increasing the side groups (and probably branching) would seem 
to raise the brittle-point temperature. It would seem, from comparisons of 
the brittle points of rubber (cis-structure), and balata (trans-structure), that 
the cis-structure should have the better cold properties. However, emulsion 
polybutadiene with a probable trans-configuration has the lowest brittle point 
of all the rubbers. 
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SUMMARY 


A certain amount of ordering has been found in ‘“‘noncrystalline”’ synthetic 
rubbers, which were studied by the use of the technique of cooling the raw 
polymer before it is elongated and freezing it immediately after stretching to 
prevent relaxation. Polybutadiene and polydimethylbutadiene, whose mono- 
mer units were structurally symmetrical, displayed the greatest degree of 
ordering. The presence of a high percentage of 1,2-units in .sodium-poly- 
merized butadiene destroyed almost all of the ordering observed in the emulsion 
polymer. GR-S and emulsion polybutadiene showed the presence of small 
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amounts of crystallites, presumably of 1,4-addition polybutadiene, probably 
the trans-form. Polydimethylbutadiene showed the presence of crystallites 
presumably of 1,4-addition in the cis-form. The intermolecular distance be- 
tween the extended chains increased with increasing amounts of side groups. 
The departure of the Bragg angle spacing of the amorphous halo from the corre- 
sponding quantity for the liquid monomer increased with increasing amounts of 
side groups. 
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THE QUANTUM YIELD OF OXIDATION OF 
HEVEA RUBBER AND GR-S* 


Kk. J. Harr anp M. 8S. MarHeson 
GENERAL LABORATORIES, UNITED STATES RupBER Co., Passaic, NEW JERSEY 


INTRODUCTION 


Little previous quantitative work has been reported on the photodxidation 
of rubber, even though the light aging of rubber products is a serious tech- 
nological problem. Recently Bateman! reported the relative photodxidation 
rates of highly purified rubber after fixed oxygen uptake as a function of wave 
length. The results show a rapid drop in quantum efficiency as the wave 
length increases above 3000 A. The considerable amount of qualitative work 
on the effects of light on rubber, particularly in the presence of air, also show 
that shorter wave lengths cause more serious oxidation than the longer wave 
lengths. For example, Raybaud? found light below 4000 A. more effective in 
deteriorating raw rubber than longer way lengths, and Yamazaki’ reports a 
similar result for vulcanized rubber. According to Asano‘, in the presence of 
oxygen an insoluble product is formed in raw rubber below 2250 A. Above 
this wave length, extending to about 3130 A., a transparent oxidized rubber 
resulted. 

Quantum yields have been measured for the initial oxidation of rubber 
following the absorption by the rubber of monochromatic light over the wave 
length range 2537 to 17,400 A. Purified Hevea rubber and GR-S (styrene- 
butadiene copolymer) were investigated. 


EXPERIMENTAL DETAILS 


The quantum yields of oxygen consumption at room temperature (~25°) 
were obtained by irradiating thin rubber films with monochromatic light. 
The oxygen absorbed by the rubber was determined by a differential method 
and compared with the measured amount of absorbed light. 

Apparatus for ultraviolet and visible-—The light source was either an Hanovia 
85-watt H-3 or 100-watt H-4 mercury arc, operated from a stabilized voltage 
supply. A fused silica jacket was cemented in place of the original glass enve- 
lope of the mereury are for experiments at 3130 and 2537 A. It was found 
that filling the silica jacket with nitrogen prolonged the arc life. 

The various mercury lines were isolated by a Gaertner L-234 HT quartz 
monochromator (F/4 at 2000 A). However, in one experiment (No. 15) the 
light from a portion of an Hanovia SC-2537 tube was focused directly on the 
rubber film by a quartz lens. This lamp supplies about 90 per cent pure 2537 
radiation. The impurity in this light is largely ineffective visible light, and 
so the absorbed intensity was corrected for that fraction of the radiation passed 
by Pyrex. . 


* Reprinted from the Journal of the American Chemical Sociely, Vol. 70, No. 2, pages 784-791, February 
1948, 
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The cell of Figure 1 was placed directly behind the exit slit of the mono- 
chromator. This cell consists essentially of an aluminum block with two 
identical 1 X 2 em. rectangular holes cut through it. The cavities were closed 
front and rear with Corning No. 791 glass windows, sealed with 0.1-mm. 
polyisobutylene gaskets, coated with Apiezon Grease M. The absorption of 
oxygen by a rubber sample in one side of the cell was followed by the motion of 
a droplet of Amoil-S in a calibrated capillary (~10-% ec./em.) connecting the 
two cavities. Barium oxide in each side absorbed any carbon dioxide or water 
present initially or produced during irradiation. 

To measure light intensities, an RCA-935 phototube in a Model 510 Elec- 
tronic Photometer of the Photovolt Corp. was used. Ground quartz screens 
in front of the photocell diffused the incident light so that uniform response 
over a 1 X 2 cm. area of the ground quartz was obtained. The Photometer 
was calibrated against a Gaertner silver-bismuth thermopile L-234 VTBS, 
using the monochromator and H-3 are. This thermopile had previously been 
standardized against three National Bureau of Standards lamps. The photom- 
eter was corrected for nonlinear response by means of an approximate point 
source and applying the inverse square law as the distance of the photocell from 
the light source was varied. 














lig. 1.—Diagram of differential cell for measuring photoéxidation rates. 


To check the photo cell calibration, the photocell, H-3 are and mono- 
chromator were used to measure the quantum yield of decomposition in an 
unstirred uranyl oxalate solution (0.005 M UO.C.0, and 0.025 M H:C.0,). 
We obtained a quantum yield of 0.45 at 3660 A., while Leighton and Forbes* 
report 0.46 in unstirred solutions of 0.01 M UO.SO, plus 0.05 M H2C20,. 
According to Forbes and Heidt® these two actinometer solutions should give the 
same quantum yield. 

Materials and preparation of films—Deproteinized rubber’ was prepared 
by an alkaline hydrolysis method. One liter of triple-creamed Hevea latex 
(63.3 per cent solids) was diluted with two liters of aqueous 6 per cent sodium 
hydroxide and heated and stirred eight hours per day at 70°. At night the 
alkaline latex was allowed to cream and the lower liquid drawn off and _ re- 
placed with 4 per cent aqueous sodium hydroxide. Ten successive heating and 
creaming cycles were carried out under oxygen-free nitrogen. The use of 
carefully purified nitrogen is necessary to avoid oxidation or degradation. 
After the final creaming, the latex was poured into 60 liters of distilled water and 
coagulated by adding one liter of 5 per cent acetic acid, with continuous stirring. 
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The coagulum was sheeted in a calender between heavy canvas to 0.015 inch. 
Acetone extraction under nitrogen for ten days followed by five days of alcohol 
extraction completed the purification process. The purified rubber of osmotic 
molecular weight 500,000—1,000,000 analyzed 0.01 per cent nitrogen and 0.03 
per cent ash. The high molecular weight indicates little, if any, degradation 
occurred during purification. The rubber was stored in an evacuated desiccator 
containing freshly cut sodium. 

The fractionation® of 20 grams of deproteinized rubber was carried out on a 
2.4 per cent solution of rubber in benzene. To this solution methanol was 
slowly added with stirring until a cloudy precipitate just appeared at room 
temperature. The first fraction precipitated at a methanol concentration of 
17.25 weight per cent of total solvent. The solution was heated to 45° to 
redissolve the precipitate and then the solution flask was placed in a thermostat 
at 30° overnight. The next morning, if a fraction of suitable magnitude had 
settled in the lower layer, the upper layer was carefully decanted. (Otherwise 
a small amount of benzene or methanol as necessary was added, the precipitate 
dissolved by warming and the flask returned to the thermostat.) The lower 
layer was dried by evacuation in a desiccator and the solid rubber fraction 
obtained was stored in vacuo as described above. Additional methanol was 
added to the decanted upper layer and the fractionation cycle repeated. 
Redistilled reagent grade methanol and benzene were used, and except during 
decantation or solvent addition the rubber solution was kept in the dark under 
nitrogen. In this way the deproteinized rubber was separated into the five 
fractions of Table I. 

TABLE I 


YIELDS OF FRACTIONATED RUBBER 


Fraction Weight of fraction (g.) 
I 2.453 Tough 
II 8.365 Medium 
III 3.642 Soft 
IV 2.048 Soft 
V 1.820 Very soft 


Fraction II resembled the whole rubber, whereas I was practically insoluble, 
and V was yellow and tacky, possibly containing an oxidized fraction. Fraction 
V was contained in the solution decanted from IV, and probably was degraded 
during the solvent removal. Solvent was removed from fractions I to IV by 
pumping in evacuated desiccators, while a stream of commercial nitrogen was 
used to evaporate solvent from Fraction V. 

Films of deproteinized rubber were laid down on glass plates by evaporating 
5 per cent n-hexane solutions under a slow stream of purified nitrogen. The 
films were stored in vacuo in the presence of sodium until used. Fresh films 
were prepared every two or three weeks. 

Antioxidant-free GR-S (75 parts butadiene-25 parts styrene by weight) 
Was prepared by emulsion polymerization by the Naugatuck Chemical Com- 
pany, using 0.05 part of hydroquinone as shortstop. The polymer was ex- 
tracted first with cold acetone and then with cold absolute alcohol under nitro- 
gen. GR-S films were deposited from benzene solution on cellophane covered 
glass plates, since the films could not be removed without tearing or distortion 
if they were deposited directly on glass. : 

Linde tank oxygen passed through Dehydrite and Ascarite was used in all 
photodxidation experiments. 
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Procedure.—A polymer film cut to about 3 X 18 mm. was pressed on a cell 
window, which was then attached to the rear of one cell cavity. During han- 
dling this 3 X 18 mm. section came in contact only with clean glass. Film 
thicknesses (0.4 to 2.0 mm.) were calculated from the length, width, weight and 
density of the film. The cell was evacuated and filled with dry oxygen to one 
atmosphere pressure. The initial dark rate was generally so small it could be 
taken as zero. During irradiation the light intensity before and behind the 
cell was determined. Oxygen consumption was followed during and after 
irradiation. 

Complete details of all photoéxidation experiments appear in Table II. 

Infrared experiments.—A 1000-watt tungsten filament projection lamp was 
substituted for the mercury are described above. The monochromator slit 
widths corresponded to a range of 0.11u at 1.744 and of 0.084 at 1.04. For 
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Fie. 2.—The ultraviolet absorption spectra of rubber and related olefins: I, trimethylethylene!’; I, 
2,6-dimethyloctadiene-2,6" ; III, purified rubber (in cyclohexane + 10% ethy] alcohol)"; @, purified rubber 
fractions II, III and IV (in chloroform)— this paper; O, purified rubber films—this paper. K = (1/Cl) 


logio (Jo/Z) = molecular extinction coefficient, where C = moles of yo=eg liter; = centimeters depth; 
Io = incident light intensity; 7 = transmitted light intensity. i 


infrared work, the light in front of the cell but not behind it was measured with 
the calibrated thermopile. At the end of an experiment the rear window was 
detached and the film transmission determined. 

Calculations.—Quantum yields were calculated in the same manner as those 
for the actinometer, except that a correction was made for the light reflected 
at the back of the front window of the cell and at the front surface of the rubber 
film. The refractive index of rubber from Wood? enabled the latter correction 
to be made. 

The oxygen consumption was never followed beyond a pressure decrease of 
1-2 per cent; so the pressure was assumed to be constant at 1 atmosphere in 
converting volumes of absorbed oxygen to molecules absorbed. 
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Absorption spectra.—The absorption spectrum of the purified rubber was 
photographed on a Baird 3 meter grating spectrograph, using a quartz hydrogen 
discharge tube as a source of continuous radiation. Optical densities were 
measured with an ARL—Dietert densitometer and the plates were calibrated 
by varying the exposure with a rotating sector. Solid films of the purified 
whole rubber were deposited on thin quartz plates by slow evaporation of 
rubber—benzene solutions. Film thickness was calculated from the weight and 
area of the rubber. The absorptions of three of the rubber fractions (II, III 
and IV) were also determined in chloroform solution. The results are shown 
in Figure 2 expressed as the molecular extinction coefficient per double bond. 


RESULTS 


Characteristic oxygen absorption curves as a function of time of irradiation 
of rubber are given in Figure 3 for wave lengths 2537, 3130, 3660, and 4358 A. 




















Minutes. 


Fic. 3.—Photoéxidation of purified Hevea rubber: I, Run 16 at 2537 A. film 0.51 mm. thick; II, 
Run 2 at 3130 A. film 0. 48 mm. thick; III, Run 6 at 3660 A. ‘lm 1.08 mm. thick; IV, Run 9 at 4358 A. 
film 1.34 mm. thick; S = solubility of oxygen at 1 atmosphere pressure in 0.03 cc. of rubber (0.03 cc. 
= volume of irradiated rubber film 1.0 mm. thick). 


In every case the intensity of monochromatic light incident on the rubber was 
kept constant within +3 per cent. It will be noted that an initial linear ab- 
sorption oceurs at 3130, 3660, and 4358 A., whereas the absorption at 2537 A. 
appears to be sharply autocatalytie from the beginning of irradiation. After 
about sixty minutes the rate increases autocatalytically at 3130 A., but the 
rates remain constant at 3660 and 4358 A. throughout the periods of observa- 
tion. As far as the light rates at 2537 and 3130 A. were followed they continue 
to increase with time of irradiation. 

Figure 4 in comparison with Figure 3 shows that in GR-S the initial rates 
are lower than for rubber at 2537, 3130 and 3660 A. Further,*the rates in- 
crease with time of irradiation at all these wave lengths, although at 2537 A. 
the rate eventually begins to fall off again. 
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Fig. 4.—Photoéxidation of purified GR-S: I, Run 14 at 2537 A..film 0.43 mm. thick; II, Run 12 
at 3130 A. film 0.91 mm. thick; III, Run 11 at 3660 A. film 0.80 mm. thick. 


Diffusion of oxygen into the rubber is a factor affecting the rate of oxidation. 
In rubber at 3130, 3660 and 4358 A., constant rates of oxygen absorption were 
apparently attained within a few minutes. However, at 2537 A. the observed 
rate increases continually from the onset of irradiation, and the question arises 
whether this is due mostly to true autocatalytic effects or to a time lag in 
attaining a steady state. 

No exact calculation has been made of the time lag required for the diffusion 
of oxygen into the rubber to attain, for example, 90 per cent of a rate of oxygen 
consumption equal to that initially measured at 2537 A. However, the follow- 
ing calculations on experiment 16 have been made: 


0.0153 cc. volume of irradiated rubber 

0.00107 cc. oxygen dissolved in irradiated rubber initially 

0.000237 ce. oxygen absorbed per minute according to initial measurement 

0.000054 ce. oxygen would diffuse into rubber per minute if diffusion occurred only 
through front irradiated area due to a linear concentration gradient down 
to zero concentration at the rear of the film. 


The rate of diffusion and solubility of oxygen are calculated from the data of 
Barrer’®. Comparison of the second and third figures shows that in 4.5 minutes 
as much oxygen flows into the rubber as was originally dissolved in the ir- 
radiated volume. This suggests that the rate of diffusion should approach the 
rate of reaction within a few minutes after irradiation is begun. Thus, the 
increasing rate may be attributed chiefly to autocatalytic effects and we will 
assume that at 2537 A. also the measured rate corresponds closely to the actual 
rate of reaction at least in the initial stages of irradiation. Since about half 
the rubber film surface (including edges) which is in contact with oxygen is 
irradiated, it is evident that at least half of the measured oxygen inflow must 
occur through the irradiated area. Comparing half of 0.000237 (the measured 
O- absorption rate) with 0.000054 (rate of O2 absorption for linear concentra- 
tion gradient), it appears that there is a high concentration gradient at the 


TABLE III 


INITIAL AND THREE-HOUR QUANTUM YIELDS FOR DEPROTEINIZED 
RvuBBER AND GR-S 








Average initial yields Average three-hour yields 

A(A.) Rubber GR-S Rubber GR-S 
2537 0.66 0.29 2.65* 0.31 
3130 OI 05 1.66 16 

3660 17 016 0.17 016 

4358 02 ba 02 x 
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irradiated surface and that the gradient decreases in magnitude toward the 
rear of the sample. 

In GR-S the observed rates in the ultraviolet always increased with time. 
However, since at each wave length the rate of oxygen absorption was con- 
siderably less than for rubber, it is likely that the effect of diffusion is less 
important in the photodxidation of GR-S. 

The quantum yields of oxidation for the measured reaction at various wave 
lengths of light are summarized in Table III and Figure 5. 

From Table III and Figure 5 the following conclusions can be drawn. 
(1) All initial quantum yields are of the order of 1.0 or less, (2) initial and three 
hour quantum yields are lower for GR-S than for rubber, (3) quantum yields 
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Fig. 5.—Initial quantum yields of photodxidotion as a function of wave length. The dotted line 
shows our best estimate of the upper limit for the quantum yields if they were measured in extremely thin 
films to eliminate diffusion effects. 


for rubber and GR-S decrease with increasing wave length. The initial quan- 
tum efficiency drops rapidly above 3660 A. for rubber, and in the range above 
2800 A. for GR-S, (4) initial efficiencies are lower than the later (three-hour) 
yields at 2537 and 3130 A. for both polymers. Figure 4 also shows that there 
is actually a slight increase at 3660 A. for GR-S over this time interval, although 
the given yield is averaged over the first three hours. 

Photochemical reactions in rubber not involving oxygen have been studied 
by Bateman". He measured the rates of gas formation from thoroughly 
degassed purified rubber when irradiated in vacuo in the wave length range 2300 
to 4500 A. An estimate of 4 X 10-4 was made for the quantum yield of non- 
condensable gas (mostly hydrogen) formation for the wave band 2300-3650. 
The largest relative yield reported at 2350-2850 A. was about 2.5 times this 
so an upper limit of 10-* may be set for the efficiency of noncondensable gas 
formation. From a typical experiment cited by Bateman (wave length not 
given), it can be calculated that the number of cross-links formed is approxi- 
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mately equal to the molecules of noncondensable gas, while the number of 
double bonds disappearing may be as much as 100 times as large. Thus, the 
highest quantum yield of chemical change in rubber is not more than 0.1 in the 
absence of oxygen. If these calculations are permissible, chemical reactions 
of the rubber not involving oxygen account only in small part for the low 
quantum yields of oxidation. 

The pale blue fluorescence excited in rubber by 3600 A. light is visually 
very much weaker than the fluorescence of biacetyl. Since the strong fluores- 
cence of biacetyl has a quantum yield of only 0.03", it is concluded that fluores- 
cence has a negligible effect in lowering the efficiency of the rubber-oxygen 
reaction. 

The results discussed above on rubber have been obtained on unfractionated 
deproteinized rubber. To test the effects due to possible impurities in the 
rubber, a study was also made on the photodxidation of Fractions II, HI, and 
V described above under “Experimental Details.” The results obtained appear 
in Table IV. 

TaBLe IV 


QvuaANTUM YIELDS OF OXIDATION OF FRACTIONS OF 
DEPROTEINIZED RUBBER AT 3130 A. 


Quantum yield 
A 





Fraction Initial 3-hour 
II 0.24 1.095 
Ill .23 0.86 
V AZ 0.09 
Whole 51 1.66 


Fractions II and III comprise two-thirds of the whole rubber, and their 
quantum yields are substantially the same as for the whole rubber. The 
somewhat lower values obtained for II and III may be partly due to diffusion 
effects, as thicker films were used for IT and III than for the whole rubber. In 
view of this agreement, it is concluded that the suspended and soluble impuri- 
ties in the whole rubber do not greatly affect the results. The value of the 
quantum yield for Fraction V appears to be definitely lower than the values 
obtained for Fractions II and III. Fraction V shows about ten times the ab- 
sorption of light as Fractions II and III, which in turn are identical with the 
whole rubber. Fraction V therefore increased considerably in extinction co- 
efficient during the fractionation process. The presence of these new chromo- 
phoric groups in the rubber may then be responsible for the lower quantum 
yield of Fraction V. 

In Figure 2 the extinction coefficient of our rubber appears to be twice that 
of Bateman and Koch" at 2537 A.“ If their rubber corresponds to pure 
polyisoprene, then only half the light in our experiments is absorbed by poly- 
isoprene. If no oxidation results from light absorbed by impurities, then the 
quantum yield for polyisoprene is double the measured value. If, on the other 
hand, the light absorbed by impurities causes considerable oxygen reaction, the 
initial quantum yield of pure polyisoprene may even be lower than found. 

The course of the dark reaction following illumination is illustrated in 
Figure 6. The dark reaction curve may be divided into three parts: a period 
of rapid rate decay when light is turned off, a period of apparently constant 
oxygen absorption, and finally a period when the dark rate begins to show the 
familiar autocatalysis of olefin oxidation. The initial decay could be due in 
part to oxidation chains of long life dying away. After irradiation was stopped, 
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Fia. 6.—Absorption of oxygen by 


2537 A.; II, Run 2 rubber at 3130 / 
exposure. 
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Fia. 7.—Dark reaction rates in rubber and GR-S as a function of the per cent oxygen 
absorbed at the end of irradiation: 
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rubber and GR-S during and after irradiation: I, Run 16 rubber at 
.; III, Run 12 GR-S at 3130 A.; vertical lines indicate end of light 
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the dark rate dropped 60 per cent in experiment 2, 75 per cent in 16, and 50 
per cent in 12 in only five minutes, and a steady state is achieved in sixty to 
one hundred minutes. These results indicate that with the rubber strips 
used, the major portion of the change in the diffusion rate was achieved in only 
a few minutes. The steady dark rate after irradiation is 6-8 per cent of the 
final rate in light, or much too small to account for the oxidation rate increases 
occurring during irradiation. 

The steady dark rate is, as might be expected, approximately proportional 
to the amount of oxygen absorbed during illumination (Figure 7). A similar 
dependence has been found for the dark rate following the chain reaction of later 
stages of photodxidation’. It has been found also that the thermal rate of 
autoxidation in ethyl linoleate increases linearly with the extent of oxidation". 
In Figure 7, the steady thermal rate is plotted against the per cent oxygen 
absorbed by the irradiated portion of the rubber at the end of illumination. 
This per cent oxygen is an average value, and does not take into account non- 
uniformity of absorbed light. Oxygen absorbed is greatest at the front surface 
of the sample, particularly if the extinction coefficient is high. GR-S at 2537 A. 
deviates considerably and the reasons for this behavior are discussed later. 


DISCUSSION OF RESULTS 


Before proceeding to a discussion of the significance of these results, it is 
pertinent to consider the light absorption process. Carr and Walter'® have 
shown that, in addition to an intense absorption band (circa \ = 2000 A.), 
unconjugated olefins possess a weak absorption tail extending to longer wave 
lengths. This long wave length band is shifted to the red by successive alkyl 
substitutions on the double bond. A simultaneous increase in intensity also 
occurs. The absorption band at 2000 A. has been discussed by Mulliken! in 
terms of molecular orbitals, and has been assigned to an N — V transition 
involving the excitation of an “unsaturation” bonding electron of the double 
bond to the corresponding antibonding molecular orbital. Since this is a 
singlet-singlet transition, Snow and Allsopp'* have suggested that the weak 
long wave absorption is the analogous singlet-triplet transition, the change in 
multiplicity thus accounting for the weakness of the absorption. 

Ultraviolet absorption curves are shown in Figure 2 for trimethylethylene, 
2,6-dimethyl-octadiene-2,6, and purified rubber corresponding, respectively, 
to one, two, and many isoprene units per molecule. Mulliken explains the red 
shifts of olefin spectra on alkyl substitution as due to hyperconjugation"’. 
It is possible that the differences indicated in Figure 2 between the spectra of 
mono-, di- and polyolefins are due to impurities, particularly in the case of 
rubber. If the differences are not due to impurities, these spectra indicate 
that, in addition to the alkyl substitution effect, there is an enhancement of 
absorption in the singlet-triplet region as the number of isoprene units per 
molecule increases. 

All ultraviolet light absorbed in these photoéxidation studies is in the long 
wave length band region. Therefore, we may tentatively conclude that in the 
photoéxidation of rubber in this spectral region an unsaturation electron of 
the double bond is lifted by the absorption of a photon to an antibonding level. 
Further, this electron is not localized but takes part in considerable hyper- 
conjugation, especially with the carbon-carbon bond midway between the 
double bonds. 

Consideration of the absorption phenomenon leads to the question of the 
mechanism of attack by the oxygen molecule. Farmer?® has shown that, for 
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unconjugated olefins, photoéxidation leads at room temperature or lower to 
very high yields of a hydroperoxide on the carbon adjacent to the unchanged 
double bond. However, as he points out, this product is the result of a chain 
reaction and does not necessarily indicate that the initial attack occurs on the 
a-carbon atom. Farmer* considers the idea that the oxygen molecule in the 
initial step of the chain adds at the double bond. The radical resulting ab- 
stracts the hydrogen from the a-carbon of another olefin unit. However, 
farmer, Koch and Sutton” in an earlier paper suggest that molecular oxygen 
may initiate reaction chains by detaching hydrogen atoms from the a-carbon, 
at least in 1,4-polyenes. 

‘armer and Sundralingam*® irradiated a 1 per cent rubber solution in 
cyclohexane at 12° with a mercury are. The conditions involve high intensity 
light with the shortest effective wave length at about 3130 A. An induction 
period of less than one hour was reported and the least oxygen uptake recorded 
was 0.75 per cent. All our measurements were taken in the induction period 
of Farmer and Sundralingam’s work and no photoéxidation was carried be- 
yond 0.5 per cent oxygen uptake. Thus, the work reported in this paper is 
concerned with the initiation of photodxidation in purified rubber. 

The initial quantum yield of 1.0 or less suggests that the primary reaction 
is not a chain process, but involves the addition of molecular oxygen to an 
isoprene unit to form a relatively stable intermediate. At 3660 and 4358 A. 
where oxidation was carried to slight extents, the quantum yield remained 
constant during the entire period of irradiation and exhibited none of the auto- 
catalytic character associated with the usual peroxidation of rubber. Thus, 
at these longer wave lengths the lack of chain character is especially evident. 
At 3130 A. the linear rate of oxidation gives way after about an hour to an 
autocatalytic effect, and at 2537 A. the rate increases from the onset of ir- 
radiation. 

The presence of inhibitors as the cause of low quantum yields is ruled out 
because of the purity of the rubber used. Furthermore, purification of the 
deproteinized rubber by fractionation did not appreciably change the quantum 
yield at 3130 A. An alternative explanation which we favor is that the original 
stable intermediate, presumably a hydroperoxide, eventually attains such a 
concentration that a small but definite fraction of the light is absorbed by the 
hydroperoxide. This absorbed light decomposes the peroxide into radicals 
which initiate oxidation chains. This hypothesis is in agreement with linear 
rates at long wave lengths where a lesser extent of oxidation occurred, and an 
increasing rate at shorter wave lengths where higher percentages of oxygen 
were absorbed. Further, such an effect could be expected to be more important 
at shorter wave lengths where peroxides absorb more strongly. In this con- 
nection, it was found that observed changes in light absorption during irradia- 
tion were small (about 1 per cent or less) for all rubber samples except the frac- 
tionated rubbers. At 3130, 3660, and 4358 A. a small decrease was always 
observed, while in runs at 2537 A. where the autocatalytic effect was most 
pronounced, the light absorption during irradiation increased slightly. 

It seems most probable that the oxygen molecule attacks the a carbon— 
hydrogen in the initial step to form a relatively stable hydroperoxide. If 
attack occurs at the double bond, a biradical would be formed, which would 
probably initiate oxidation chains leading to high quantum yields, unless an 
intramolecular stabilizing reaction generally occurred. Farmer 4 suggests such 
a reaction leading to an allylic hydroperoxide by double bond displacement. 
With regard to the energetics of the initial reaction, Bolland and Gee® state 
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that either double bond or a-methylene attack by oxygen is possible from 
thermochemical considerations. The possibility of energy transfer from the 
double bond to the a-methylene group is supported by the following ideas. 
(1) Heidt?* has shown in the irradiation of d-glycosides that such transfers are 
possible, (2) the activated electron is not localized but takes part in hyper- 
conjugation with the a-methylene group, and (3) Bateman and Koch" have 
shown that solid purified rubber irradiated in vacuo yields a gaseous product, 
mostly hydrogen, and that the reaction is probably due to dissociation of the 
a-carbon-hydrogen bond. Thus in the absence of oxygen of sufficient concen- 
tration, the photon energy occasionally splits off a hydrogen atom, while in the 
presence of oxygen a more frequent reaction occurs between the activated 
group and the molecule of oxygen. 

The GR-S was prepared with added hydroquinone as a shortstop. Subse- 
quent acetone and alcohol extractions may not have removed all traces of this 
inhibitor. It is possible that the presence of hydroquinone or of quinone de- 
rived therefrom could vitiate some of the conclusions to be drawn. However, 
at 2537 A. calculations using the extinction coefficients of ethylbenzene and 
p-benzoquinone show that the absorption of the phenyl groups in GR-S is 
many orders of magnitude greater than that of the quinone which would be 
present even if all of the added hydroquinone were converted to benzoquinone. 
At 3660 and 3130 A., one can only say that the highest amount possible of 
benzoquinone accounts for only a very small fraction of the observed absorption. 

The low quantum yield of oxidation of GR-S as in rubber indicates that 
chains do not immediately follow the primary reaction with oxygen. The 
phenyl group is the effective absorbing group, and it seems likely that the photon 
energy is not so readily transferred from the benzene nucleus to the adjacent 
carbon—-hydrogen grouping as from the double bond in rubber. Such an effect 
would explain the lower quantum yields of GR-S, compared with rubber. At 
all three ultraviolet wave lentths GR-S shows rates increasing with time of 
absorption, which again may be due to photodecomposition of the peroxide 
first formed. Due to the high extinction coefficient of GR-S, a large portion 
of the oxidation occurs near the front surface of the film, and near this surface 
the per cent oxygen added is much higher than the average reported in Table IT. 
Thus sufficient peroxides for autocatalysis may be quickly formed. The 
discrepancy of the dark reaction in GR-S at 2537 A. in relation to total oxygen 
absorbed may be due to the formation of an oxygen-impermeable surface film 
or to the formation of phenolic type inhibitors during oxidation. Larsen, 
Thorpe and Armfield?’ have shown that alkyl-substituted benzenes form in- 
hibitors during thermal oxidation at 110°. 


SUMMARY 


The initial quantum yields of photoéxidation for purified Hevea rubber have 
been measured for various mercury arc lines in the wave length region 2537- 
17,400 A. All experiments were carried out at room temperature and at an 
oxygen pressure of one atmosphere. At the outset of irradiation all quantum 
yields of combined oxygen are less than unity, although the quantum efficiency 
rises above 1.0 at 2537 and 3130 A. as photodxidation proceeds. The low 
quantum yield suggests that in its initial stages (less than 0.1 per cent oxygen 
combined on the rubber) photoéxidation is not a chain reaction. It is postu- 
lated as the first step in rubber photodéxidation that the light activated rubber 
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group reacts with oxygen to give a relatively stable intermediate which does 
not immediately dissociate to give a free radical reaction chain. 

The quantum yields of photo6éxidation of purified GR-S were also measured 
under the same conditions as used for rubber. At each wave length the quan- 
tum yield was lower than for rubber, indicating formation of a stable inter- 
mediate in the initial reaction also. 
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EFFECT OF MOLECULAR-WEIGHT DISTRIBUTION ON 
PHYSICAL PROPERTIES OF NATURAL AND 
SYNTHETIC POLYMERS * 


B. L. JOHNSON 
° 
Tue Firestone Tree & Ruspsper Company, AKRON, OHIO 


The molecular weights of rubberlike polymers are average values for mix- 
tures of macromolecules which differ greatly in size. The heterogeneity of 
natural rubber was recognized as early as 1929 by Whitby’. The fact that 
solutions of higher quality crude rubbers are more viscous than lower quality 
rubbers was observed by Axelrod? in 1905. Other workers* have separated 
rubber solutions into fractions of differing molecular weight and have studied 
the properties of the fractions. 

In the case of synthetic polymers, these heterogeneous mixtures of molecules 
have been characterized by fractional precipitation and construction of molecu- 
lar-weight distribution curves*. The particular type of distribution determined 
in this investigation is that obtained from weight average properties® based on 
viscosity measurements of fractions of the polymers. Application of these 
methods to the characterization of natural polymers confirmed observations 
that a variety of molecular-weight distributions existed in the case of the 
natural polymers. The physical properties of the natural polymers having 
these diverse molecular-weight distributions were well known. Therefore a 
correlation of their physical properties and weight distributions seemed per- 
tinent to an evaluation of the fractionation technique. Such a correlation had 
not been possible on early butadiene-styrene copolymers because of the simi- 
larity of the distributions then obtained, even under different polymerization 
conditions. 


FRACTIONATION OF POLYMERS 


Procedure.—In the procedure used for the fractionation of the polymers, 
a l-gram sample was cut into strips less than 1 mm. thick and placed in a 
stoppered flask which contained 200 cc. of distilled and dried acetone. The 
flask (250-cc. Erlenmeyer) was tightly sealed and placed in the dark at 25° C for 
18 to 24 hours. At the end of the extraction period the acetone was decanted 
and measured. An aliquot portion of 50 cc. of the extract was pipetted into a 
tared beaker and evaporated just to dryness. The residue was dried 1 hour 
in an air oven at 70° C and weighed. The acetone extract was calculated from 
this result. 

The polymer in the Erlenmeyer was dried in a vacuum desiccator at 25° C 
until free of acetone. As solvent, 200 cc. of reagent-grade toluene containing 
2 per cent of phenyl-6-naphthalamine (based on the polymer) was then added, 
and the flask was sealed and placed in the dark at 25° C for 48 hours. Stirring 
or shaking of the solution was avoided. At the end of this period the gel 
(insoluble portion) was separated by filtration through a 100-mesh stainless 


* Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 2, pages 351-356, February 1948. 
654 





ths 
obi 


rep 





x- 
of 
at 
ty 


ed 
les 


ed 
on 
se 
ns 
che 
ing 
a: 
er- 
vad 
mi- 
ion 


ers, 
na 
Che 
for 
ted 
0 & 
our 
‘om 


eC 
ling 
led, 
‘ing 

gel 
less 


48, 








MOLECULAR WEIGHT AND PHYSICAL PROPERTIES 655 


steel screen. The flask and gel were washed with 5 cc. of toluene. The screen 
and gel were transferred to a watch glass and dried on the hot plate. The 
percentage of gel was calculated from the weight of the dried gel. 

The fractionation of the sol was carried out by dropwise addition of meth- 
anol, with stirring, to incipient cloudiness at 25° C. The solution was then 
made homogeneous by warming; and, accompanied by gentle stirring, precipi- 
tation was allowed to occur during cooling to 25° C. In about 1 hour a gela- 
tinous precipitate had settled, and the supernatant solution was removed by 
decantation. The precipitate was dried sufficiently to free it of methanol 
in a vacuum desiccator at 25° C. It was immediately dissolved in 25 to 100 ce. 
of toluene, depending on the amount of the precipitate. The next fractions 
were precipitated in the same manner. They required small amounts of 
precipitant and settled rapidly. The amount of alcohol and the settling time 
was increased as the fractionation progressed. The final fraction precipitated 
was allowed to stand overnight. The liquor decanted after the final precipita- 
tion was measured, and an aliquot portion of 50 cc. was evaporated to dryness. 
The amount of this unprecipitated material was calculated, allowance being 
made for the 2 per cent of added antioxidant; the result was used in the de- 
terminations of the total amount of polymer recovered. The viscosity of 
the low molecular-weight polymer recovered by evaporation was not measured 
because several fractionations had indicated that its viscosity was not in line 
with that of the precipitated fractions. Therefore, aside from its amount, it 
was of no value in construction of the integral weight curve. 

The viscosities of the dissolved and filtered fractions were determined at 
25° + 0.05° C by means of an Ostwald viscometer. The dimensions of the 
viscometers were such that kinetic energy corrections were not necessary. 
[Lto/V was greater than 400, where L is the length of the capillary in centi- 
meters, V is the volume of the bulb between marks, and fo is the time of flow for 
the solvent in seconds (toluene = about 140 seconds).] Throughout the 
fractionation, the solutions on which the viscosity determinations were made 
were never evaporated to complete dryness and redissolved. By this procedure 
changes in solubility, which sometimes occur on drying polymers, were avoided. 
The concentrations of the solutions, determined by evaporation of an aliquot, 
were adjusted when they were made up so that their relative viscosities (ratio 
of time of flow for the solution to that for the solvent) would fall between the 
limits 1.20 and 1.40. When these concentrations were used, the viscosity 
determined at one concentration, and calculated from the relation [7] = (In n,)/c, 
where ¢ is expressed in grams per 100 cc., was found to afford satisfactory 
characterization of the fractions. In accordance with the suggestion of Cragg‘, 
this value has been designated as the inherent viscosity to differentiate it from 
the intrinsic viscosity which is commonly associated only with the value at 
infinite dilution. 

The weight distribution was determined from the fractionation data by 
plotting the total percentage of polymer in an additive manner against the 
inherent viscosity of each fraction. The units used in these curves were 2 
per cent in weight of polymer against 0.1 unit in inherent viscosity. A smooth 
integral weight curve was drawn through these points in a manner similar to 
that described by Mark’. This curve was then graphically differentiated to 
obtain the differential weight distribution curve. 

If the total area under the differential weight-distribution curve is taken to 
represent the total amount of polymer, then the polymer contained between 
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definite viscosity limits may be estimated by reintegration. This was done by 
measurement of the areas between the viscosity limits by use of a planimeter. 
These values could then be tabulated, and several polymers could be compared 
more accurately and conveniently than would be possible from visual compari- 
son of the shape of their distribution curves. 

Accuracy of weight distribution—It was recognized that the position and 
height of a maximum in a weight-distribution curve may be influenced by 
fractionation conditions. In the case of No. 2 ribbed smoked sheet, aliquot 
portions of the fractions from the first fractionation were combined into two 
groups which were then refractionated as a check on the high viscosity and 
broadness of the distribution of unmilled smoked sheet. The results, recorded 
in Table I, indicated even higher inherent viscosities and a broader distribution 


TABLE I 
FRACTIONATION OF No. 2 RipBED SMOKED SHEET 








First fractionation Second fractionation 
ail Polymer Inherent : Polymer Inherent - 
Fraction % viscosity Fraction 0 viscosity 
1 19.90 12.61 Combined Ai 15.84 13.78 
2 16.80 11.00 to form Ae 7.79 12.69 
3 15.98 8.08 group A A3 3.68 10.76 
Ag 12.73 7.65 
lat 12.64 
4 9.19 oes Combined Bi 2.67 5.17 
5 6.30 2.68 to form Bz 9.03 4.60 
group B Bs 3.79 i 
6 2.59 1.57 
7 3.96 - 
Acetone 1.80 
extract 
Gel 24.90 


for this grade of Hevea than was indicated by the single fractionation. Never- 
theless, the second fractionation definitely indicates that the bulk of the sol 
portion of unmilled No. 2 ribbed smoked sheet lies in a maximum at the high 
end of the distribution between inherent viscosities of 8 to 14, above the vis- 
cosities of other grades of Hevea. Fractionation into twice as many fractions 
as indicated in Table I has the same effect as refractionation—that is, displace- 
ment of the distribution to higher viscosities. However, this displacement 
was of the order of only one inherent viscosity unit in the case of No. 2 ribbed 
smoked sheet, and less in the case of lower molecular weight polymers. 


NATURAL POLYMERS 


Weight distributions—Weight distributions were determined on a series of 
polymers which included material obtained from wild shrubs and vines, norm- 
ally not considered to be commercial rubbers, as well as from three grades of 
plantation Hevea. The low molecular weight members of this group—that is, 
Solidago leavenworthi (goldenrod) and low grade Chilte—provided material 
on which the correlation between viscosity and physical properties could be 
extended to polymers of lower molecular weight than those studied by Tristram 
and coworkers’. 

The correlation of physical properties with polymer viscosity was extended 
to higher viscosity values through the study of cryptostegia®, guayule, high 
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grade Chilte, and plantation Hevea. The spread in viscosity which is covered 
by this series of polymers is illustrated by comparison of the differential weight- 
distribution curves of unmilled goldenrod polymer and a high grade plantation 
Hevea (No. 2 ribbed smoked sheet shown in Figure 1). The weight-distribu- 
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DILUTE SOLUTION VISCOSITY 


Fic. 1.—Differential weight distribution of unmilled polymers. 


tion curve for GR-S is included for comparison with the natural polymers. 

The amount of polymer in each viscosity range was determined by the 
integration method described in the previous section. These results, tabu- 
lated as percentage of the total polymer occurring in each inherent viscosity 
range, are recorded in Table II. 

The weight distribution of goldenrod rubber was such that the largest por- 
tion of the polymer had an extremely short chain length. The polymer was 
completely soluble and had a maximum in its distribution curve at an inherent 
viscosity of 0.3. 

One of the samples of Chilte which was examined was found to be a low 
grade material, whereas the other was a higher grade polymer. The lower 
grade polymer contained a waxy, balatalike gel which was made soluble by 
milling. On fractionation of the milled polymer, a wax precipitated as the 
first fraction; this was equal to 10 per cent of the whole polymer. The gel of 
the higher grade polymer was softened, but not completley dispersed, by milling. 
Maxima in weight distribution occurred at inherent viscosities of 0.8 and about 
5 for the low and high grade Chilte, respectively. 

Unmilled Cryptostegia contained a large amount of soft, swollen, and string- 
like gel. The polymer was easily broken down on the mill and was then com- 
pletely soluble. Its maximum in weight distribution occurred at an inherent 
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TaBLeE II 
PERCENTAGE OF NATURAL POLYMER IN Eacu Viscosity RANGE 


% Polymer in inherent viscosity range of 





‘Below oie 1.5 to 2.0 to 3.0 to errs 5.0 to 6.0 to Above 


Polymer 1.0 2.0 3.0 4.0 5.0 6.0 7.0 7 Gel 
Goldenrod 79.2 i. 39 82 .. es 0 
Chilte (low grade, unmilled) 18.0 11.1 94 154 .. ey 46.0* 
Cryptostegia (milled) 29.9 41.9 27.6 .. ‘6 ii 0 
Guayulef (milled) 10.8 11.5 150 349 .. ri a . O 
Chilte (high grade, milled) 28 32 33 74 9.5 13.1 209 .. : 38.0 
No. 2 amber crepe 26 121 Wy 212 172 7.7 «.. e : 17.4 

Plasticated 7.3 46 46 92 92 92 46 54 .. 42.9 
Pale crepe . 33 71 55 35 50 64 144 204 34.7 
Milled =», S08. 6.4 8.5 12.0 18.2 324 .. 12.4 
Plasticated oe 6.0 3.1 44 28 22 18 1.5 20.0 55.2 
No. 2 ribbed smoked sheet ne ‘je 11 19 26 3.4 4.0 49.1 30.7 
Plasticated - 7.3 3.5 3.9 44 56 7.9 5.6 61.4 


* This polymer contained a waxy, nonrubber material. 
+ Acetone extract (23%) and first fraction (5%) which consisted of a fibrous woodlike material are not 
included in the table. 


viscosity of 1.4 and, in contrast to that of Solidago, was near the long chain 
length end of its distribution curve. 

Guayule was completely soluble, even when unmilled, and contained little 
polymer of less than 1 in inherent viscosity. Its maximum in weight distribu- 
tion occurred at inherent viscosity values of between 3 and 4. However, the 
chain length of guayule is rapidly reduced by milling; this causes a shift to a 
lower viscosity (about 2.0) for the maximum in distribution. 

The various grades of Hevea were fractionated before milling, and again 
after either factory mill massing or double plasticization, to determine the 
changes produced in molecular-weight distribution of the raw rubbers before 
pigmentation. The No. 2 amber crepe was found to have a rather broad dis- 
tribution in which most of the polymer was contained in the comparatively low 
inherent viscosity range (about 2.0). On plasticization the amount of sol 
polymer in each viscosity range was reduced, and there was a corresponding 
increase in the amount of gel. The next highest viscosity Hevea rubber was 
pale crepe. The unmilled sample had a maximum in its distribution at an 
inherent viscosity of 7.4. Factory mill massing of the pale crepe lowered the 
gel content and the position of the maximum in distribution about one vis- 
cosity unit but did not decrease its sharpness. Double plasticization increased 
the amount of gel by about 20 per cent and produced a broad, flat distribution 
in which there was little evidence of a maximum. The highest inherent vis- 
cosity found in the various grades of natural polymers was obtained in un- 
milled, No. 2 ribbed smoked sheet, where the distribution extended to inherent 
viscosities of as high as 14; there was slight evidence of a maximum in the dis- 
tribution between viscosities of 10 and 11. On double plasticization the gel 
content doubled, and a broad, flat distribution was obtained. 

The results shown in Table II indicate, in brief that a wide variety of molecu- 
lar-weight distributions were obtained, dependent on the species of natural 
rubber and on the type and degree of processing which the polymers had under- 
gone. Hot plasticization increases the gel content of Hevea rubbers, but sub- 
sequent milling, preliminary to incorporation of the pigment, may disperse the 
gel again. 

Correlation of distribution with physical properties—The broad range of 
inherent viscosities covered by the natural polymers afforded an excellent series 
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in which to correlate viscosity with the various physical properties of the vul- 
canizates and in some cases with tire service. The physical properties of the 
polymers were determined on vulcanizates in the American Chemical Society 
crude-rubber testing formula, which has the following composition in parts: 


Polymer 100 

Sulfur 3.5 
Stearic acid 0.5 
Mercaptobenzothiazole 0.5 
Zine oxide 6.0 


These properties were then correlated with the inherent viscosity ranges at 
which most ofthe polymer occurred (Table IID). 

The trend of tensile strength with increase in the inherent viscosity, at 
which maxima in distribution appear, is more clearly shown in Figure 2. 
The maximum tensile strength of the wild rubbers increased rapidly with 
inherent viscosity up to a value of 1.5 to 2. At higher viscosities the ultimate 
strength did not depend appreciably on polymer chain length, and the curve 
plotted for tensile strength against inherent viscosity became nearly flat. 
The same relation between ultimate strength and molecular weight has been 
reported for other polymers by Flory’® and Mark". 

The Hevea rubbers fall in the range in which tensile strength is no longer 
improved by higher viscosity. However, the efficiency of the Hevea, as meas- 
ured by rebound, operating temperature, and flexometer life, continued to 
increase as the viscosity of the polymers became greater. 

The A.C.S. crude rubber test formula is essentially designed to bring out 
nonrubber differences in the polymers. For instance, a cure was made of the 
high grade Chilte in which 4 per cent of stearic acid was used in place of the 
standard 0.5 per cent. As a result, the maximum tensile strength of Chilte 
in this compound was increased to 4300 pounds per square inch. Thus, it is 


| 





© GHILTE (HIGH GRADED 
GUAYULE | 








3000-—— 
Hi CRYPTOSTEGIA_ _@ PALE CREPE 
z © a NO.2 RIBBED S.S. 
2 / © 0.2 AMBER CREPE 
2000; t 
“ @ CHILTE (LOW GRADE) 
2 
w 
= 
1000 





: 
é 


| SOLIDAGO 


| | | 


10 20 30 #40 #50 °#&«60 
DILUTE SOLUTION VISCOSITY OF MAXIMUM 
IN WEIGHT DISTRIBUTION OF MILLED POLYMER 




















Fia. 2.—Effect of dilute solution viscosity of raw polymer on 
tensile strength of vulcanizates. 
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indicated that the order in which the tensile strength values fall, in relation to 
molecular weight, may be changed by formulation in the case of polymers 
which do not differ too much in molecular weight. Perhaps the fact that higher 
tensile values were obtained (Table III) for some of the wild rubbers than were 
obtained on Hevea might be explained on the basis of a possible change in the 
polymers during the acetone extraction used to remove their nonrubber com- 
ponents. 

Indications that the general trend of quality vs. molecular weight is carried 
through to tire service were obtained on a series of experimental tires made from 
some of the rubbers for which the physical properties in the A.C.S. compound 
were correlated with inherent viscosity. The resistance to skid loss was de- 
termined by road tests on 6.00 X 16 passenger-car size of tires. The treads 
on the test tires consisted of one half of a smoked sheet control and one half 
of the experimental rubber. Skid loss resistance correlated to the same 
degree with molecular weight, as did the other physical properties, in the case 
of the following three polymers from which tires were built: smoked sheet, 
100; deresinated guayule, 92; and Cryptostegia, 86. 

The outstanding fact, evident in the study of the weight distribution of the 
natural polymers, was that those rubbers which had a large proportion of the 
polymer in the low molecular-weight end of the distribution were poor in 
quality. 


GR-S POLYMER 


Since the molecular weight distribution of GR-S was known to be one which 
contained a relatively large amount of low molecular-weight polymer, it be- 
came of interest to determine the extent to which the low molecular-weight 
polymer influenced physical properties. Laboratory evaluations of polymer, 
typical of each range in the molecular-weight distribution, have shown that 
the lower molecular-weight polymer was soft and sticky, and that the polymer 
became tougher as the molecular weight increased. Vulcanizates of low 
molecular weight polymer have lower modulus and tensile, higher elongation, 
inferior dynamic properties, and poorer cut growth resistance. These general 
conclusions have been reached by Ewart!?, Gehman and Field", Kemp and 
Straitiff4, as well asin this laboratory. On the basis of these laboratory results, 
it seemed worthwhile to obtain sufficient polymer in each molecular-weight 
range to make a complete evaluation of processability and product quality, 
by standard sized laboratory technique, and to obtained tread wear evaluation 
of the fractions on tires. 

Large scale fractionation. An alum-coagulated, 50 Mooney GR-S which con- 
tained 30 per cent of a gel of medium hardness (swelling index 82), and which 
had a sol portion of 2.12 inherent viscosity was, therefore, fractionated on a 
scale large enough to yield 7 pounds of gel, 6 pounds of a high molecular- 
weight fraction, and 3.5 pounds of a low molecular-weight fraction. The 
fractionation was carried out in 55-gallon open-head drums. The sol-gel 
separation was made with the aid of a circular rack which just fitted into the 
drum. Supports were spaced on this rack at 4.5, 9, and 13.5 inches from the 
bottom of the drum. Removable shelves, with turned up edges, were made of 
ordinary window screen and were fitted onto these supports. Three pounds of 
finely cut polymer were distributed evenly over the screens. The rack with 
the polymer was lowered into 30 gallons of toluene. After a 48-hour extraction 
period the rack was removed slowly to allow the sol to drain off. The screens 
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were removed, and the gel was scraped into a large porcelain pan. An amount 
of phenyl-6-naphthylamine, slightly short of 2 per cent of the estimated dry 
weight of the gel, was stirred into the wet gel. Final adjustment to 2 per cent 
of antioxidant was made when mill blending the gel from all the fractionations. 
The gel was air-dried at room temperature. 

A high molecular weight fraction of the sol was precipitated by the addition 
of 7 gallons of methanol accompanied by vigorous agitation. This precipitate 
settled in a few hours, and the supernatant liquid was decanted into a second 
drum. A small amount of methanol was added to the precipitate to facilitate 
its removal from the drum. Antioxidant was added in the same manner as in 
the case of the gel, and the fraction was air-dried at room temperature. 

A low molecular-weight sol fraction was precipitated in a similar manner by 
an additional 12.5 gallons of methanol. This fraction was allowed to settle 
overnight and was then removed in the same way as the first fraction. About 
10 per cent of low molecular-weight polymer and nonpolymer remained in the 
solution used for the fractionation and was not recovered. 

Characterization of fractions —A total of seven fractionations was made; 
the fractions in each molecular weight group were blended, and a laboratory 
sol-gel separation and valuation of the fractions were made by the static method 
with toluene as the solvent. The sol-gel characteristics of the unmilled frac- 
tions are recorded in Table IV. 


TABLE IV 
Sot-GEL CHARACTERISTICS OF UNMILLED FRacTIONS oF GR-S 
% of whole Mooney 4 at Swelling Inherent 
Fraction polymer 212° F Gel (%) index viscosity 
Whole GR-S 100 50 30.0 82 2419 
High mol. wt. 34.7 131 34.5 107 2.78 
Low mol. wt. 17.4 Too sticky 0 (a 0.80 
Gel 37.4 50 re i re 


The particular sample of GR-S used for the fractionation contained the 
type of gel which was made soluble by milling. The inherent viscosity of the 
milled gel was 1.74, that of the milled high molecular-weight fraction was 2.29, 
and that of the milled whole polymer was 1.76. A much greater tendency 
toward gel formation was observed on drying the high molecular-weight sol 
fraction than was found in the case of the portion which was originally gel. 
A possible explanation of this phenomenon is that the further cross-linking of 
the high molecular-weight polymer in the gel portion is inhibited by occluded 
low molecular-weight polymer which has no tendency toward gel formation. 

The high molecular-weight sol fraction and the gel portion were milled 
until soluble. The three fractions of GR-S were then refractionated. The 
resulting weight distributions are compared with that of a gel-free control in 
Table V. 

TABLE V 
WeIcuT DIsTRIBUTION OF MiILLep GR-S Fractions 


% Polymer in inherent viscosity range of 
a = 





0-1 1-2 2-3 3-4 4-5 
Whole GR-S 38.1 18.7 11.2 21.0 10.2 
Gel portion 40.0 20.9 18.4 20.8 “ 
High mol. wt. fraction 12.5 24.4 42.6 18.3 
Low mol. wt. fraction 89.0 8.4 2.8 ae 
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TABLE VI 
TENSILE Data oF GR-S FRACTIONS 
400% Elongation 
modulus at at max. 
max. tensile Tensile strength tensile 
strength r —- \ strength 
Cure at 280° F, min. 1325 40 80 160 Si 
Whole GR-S 1325 2400 3125 2300 660 
High mol. wt. fraction 1775 3525 3375 2925 590 
frac- 1525 1900 1525 1900 2025 3125 610 
tion, 50% whole GR-S 
Gel 1375 2875 3425 3425 670 


The milled gel fraction had two maxima, one at 0.8, the other at about 3.0 
inherent viscosity. The double maxima can probably be justified in this case 
by consideration of the lower maximum to be produced by low molecular- 
weight polymer contained in the solution in which the gel is swollen. The 
maximum at an inherent viscosity of 3 may be caused by fragments of the gel 
structure which have been made soluble by milling, as well as by high molecu- 
lar-weight linear polymer. The milled, high molecular-weight sol fraction 
had a more narrow distribution with a maximum in distribution at an inherent 
viscosity of about 3. Some lower molecular-weight polymer was also mechani- 
cally included in this fraction. The low molecular-weight sol fraction had a 
very narrow weight distribution in which the maximum occurred at an in- 
herent viscosity of 0.6 to 0.7. This fraction contained less than 3 per cent of 
polymer having an inherent viscosity greater than 2. 

Physical properties of vulcanized fractions —The physical properties of 
vuleanizates of the fractions of GR-S were determined in a tread compound, 
and are recorded in Table VI. It was necessary to blend the low molecular- 


TaBLe VII 
DyNAmIC PROPERTIES OF FRACTIONS OF GR-S 


Relative 
energy 
Rebound (%) Internal absorption 
Dynamic friction at constant 
25°C 100°C modulus (kilopoises) force 
Whole GR-S 46 57 161 4.75 313 
High mol. wt. fraction 53 70 178 3.58 194 
50% low mol. wt. frac- 48 56 125 4.24 466 
tion, 50% whole GR-S 
Gel 45 59 161 4.75 315 


weight fraction with an equal weight of the unfractionated control before it 
could be processed in the normal manner. 

An interesting trend in rate of cure is indicated by the fact that, in the case 
of the high molecular-weight fraction, the maximum tensile is reached at 40 
minutes, whereas in the case of the low molecular-weight material, the tensile 
properties continue to increase up to 160 minutes cure. Perhaps the reason 
for this slower rate of cure of the low molecular-weight polymer is that the short 
chain-length material requires more sulfur bonds to be produced in its vulcani- 
zation before a strength is developed equal to that of the long chain-length 
material. 

The dynamic properties of the compounded fractions of GR-S were meas- 
sured at 100° C on a forced resonance vibrator previously described by Dillon, 
Prettyman, and Hall'® The data recorded in Table VII show significant 
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differences in dynamic properties. First, the high molecular-weight fraction 
had the highest modulus, and the lowest internal friction and relative energy 
absorption at constant force. In contrast to this, the stock made up of one 
half low molecular-weight material plus one-half unfractionated control had 
the lowest modulus and the highest relative energy absorption at constant force. 
On the basis of these results, a tread containing high molecular-weight material 
should have a low operating temperature, and one containing low molecular- 
weight material would be expected to have a higher operating temperature. 


Tasie VIII 
GROOVE Crack GrowTH or GR-S FRACTIONS 

Growth 

Growth resistance 

Fraction (in. /hr.) (index) 
Unfractionated control 0.38 100 
High mol. wt. fraction 0.14 272 
50% low mol. wt., 50% control 0.38 100 
Gel 0.64 59 


The crack growth resistance of these fractions was measured on a labora- 
tory tread-cracking machine which employs a grooved test-piece. The 
flexing cycle includes tension, compression, and bending in the base of the 
groove, in an effort to reproduce some of the strains which cause cracking along 
the length of a tire groove. Groove crack growth measurements (Table VIII) 
reveal a definite advantage for the high molecular-weight fraction. Flex 
crack growth resistance was indicated to be poor for the portion -of the polymer 
which was originally gel. This great a difference was not substantiated in 
later tire tests. The tread composed of equal parts of the low molecular-weight 
fraction and of the control was also indicated to be equal to the control in 
groove crack resistance, a finding which did not carry through to tire service. 

Test tires were built, of 6.00 X 16 size, with treads which consisted partly 
of the fraction under study and partly of the unfractionated control. It is 
realized that test results on 6.00 X 16 tires, constructed in sections, are open to 
question; but the difficulty which would be encountered in obtaining, through 


TaBLE IX 
Skip Loss or TREADS ComposEep or GR-S FRAcTIONS 
Original Skid loss (in.) 
skid depth oH Quality 
Compn. of tire section (in.) 12,000 mi. 20,000 mi. index 
Unfractionated control 0.307 0.183 0.264 100 
50% low mol. wt., 50% control 0.309 0.202 0.294 90 
Unfractionated control 0.301 0.183 ve 100 
High mol. wt. fraction 0.303 0.163 ne 113 
Gel 0.310 0.192 oe 96 


fractionation, amounts of polymer sufficient for large-scale tire tests, seemed 
to justify an evaluation of the fractions on small tires. The low molecular- 
weight fraction was too sticky and soft to process into a tire section by itself. 
Even when blended with an equal amount of the unfractionated control, the 
polymer had a Mooney value of only 16, and could barely be handled. These 
tires were run on the Firestone test fleet in Texas under controlled conditions 
on gravel and pavement. The original skid depth and the skid loss at com- 
pletion of the test are recorded in Table IX. 
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True differences in tread wear of polymers should be on the order of 10 
per cent before they become significant on road tests of a single tire. These 
results were on the borderline of that difference; the high molecular-weight sol 
fraction indicated 13 per cent better tread wear than the unfractionated control, 
whereas the section which consisted of a blend of equal parts of low molecular 
weight fraction and control was 10 per cent inferior to the control. However, 
the spread in wear between the high molecular-weight fraction and the blend 
which contained one half of the low molecular-weight fraction was 23 per cent, 
a significant indication that molecular weight should be kept as high as can be 
tolerated from a standpoint of processability in the compound to be used. The 
differences in tread wear produced by the presence of gel were not significant. 
As will be remembered, the molecular-weight distribution of the milled gel 
portion indicated that a considerable amount of low molecular-weight material 
was unavoidably included in the gel portion and may account in part for its 
reduced wear. 

Crack growth measurements were attempted by precutting the tires to a 
depth of 0.06 inch and for a length of 0.2 inch in the bottom of the grooves at 
8000 miles. Although these measurements were lacking in completeness be- 
cause of varying final mileage of the tires, a greater rate of crack growth was 
indicated for the low molecular weight polymer. The increased crack growth 
for sections in which gel was present was not great enough to be significant. 


OPTIMUM DISTRIBUTION FOR GR-S 


The choice of an optimum molecular-weight distribution for a polymer is 
influenced by two factors. First, processability has been shown to be largely 
dependent on macrostructure factors such as molecular weight and molecular- 
weight distribution. For instance, the high molecular-weight fraction of the 
present GR-S had an inherent viscosity of 2.78 and was tough (Mooney 131) 
when the low molecular-weight polymer was removed. The low molecular- 
weight portion was soft and sticky, and, when blended with an equal part of the 
whole GR-S, had a Mooney viscosity of 16. Second, the microstructure of the 
polymer, such as 1,4-addition, cis- or trans-configuration!"’, and intermolecular 
forces of some high polymers", either limits the effect of increased molecular 
weight on physical properties—for example, tensile strength (Figure 2)—or is 
the predominant influence as in the case of low temperature properties. Tire 
wear tests on GR-S and natural rubber have indicated that the low molecular- 
weight portion of the polymer is more of a detriment to quality than any other 
range of the molecular-weight distribution. Consequently, if both process- 
ability and quality of GR-S having the present microstructure and composition 
are considered, the molecular-weight distribution is limited to an inherent 
viscosity range between 1.5 to 2.5. No evidence is at hand to indicate that a 
GR-S polymerized to such a narrow molecular-weight distribution would be 
superior to the present GR-S. It is more probable that the full advantage of 
higher molecular-weight can be utilized only if it is accompanied by structural 
changes which improve the processability of the high molecular-weight portion 
of the polymer. 
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THE MECHANISM OF REENFORCEMENT 
OF ELASTOMERS BY PIGMENTS * 


LEONARD H. CoHAN 


TECHNICAL SERVICE LABORATORY, Witrco CHEMICAL Co., 295 Mapison Avse., New York, N. Y. 


The term reénforcement has, unfortunately, been rather loosely used in the 
rubber literature. Most authors have employed it to denote improvement in 
service life, particularly of rubber articles subject to abrasive wear. Generally 
speaking, reinforcement is associated with high tensile strength, modulus, and 
resistance to tearing, and low resilience and plasticity in the unvulcanized state. 
When we examine these properties, we see that we are not dealing with a single 
phenomenon which can be termed reinforcement, but with several classes of 
properties, each of which depends in a different way on the fundamental charac- 
teristics of the pigment used to reinforce the elastomer and on the loading. 

Two important classes of properties are considered in this paper. The first, 
or modulus, class includes modulus, hardness, and plasticity. These properties 
may be thought of as related to the flow or viscosity of the uncured or cured 
elastomer. The second, or tensile, class includes tensile strength, tensile 
product, and tear resistance. Attempts have already been made to predict 
behavior of the modulus class, particularly at low pigment loadings!. In this 
paper these ideas are applied to commercial loadings, and some relations be- 
tween pigmentation and the tensile class of properties are pointed out. 


MODULUS, HARDNESS, PLASTICITY 


, 

The properties of pigments which appear to be most important in determin- 
ing the behavior of elastomers are: (1) particle size distribution, (2) particle 
shape, (3) chemical nature of the particle surface, and (4) crystal or chemical 
structure of the particles. For symmetrical particles, particle size distribution 
determines specific surface area; for asymmetrical particles, particle shape also 
affects surface area. 

Considering a loaded elastomer as a uniform elastic matrix containing in- 
elastic particles, Rehner?, Smallwood’, and Guth and Gold‘ have shown that the 
calculation of modulus is entirely analagous to the calculation of the viscosity 
of a suspension of solid particles in a liquid. For symmetrical particles in a 
suspension sufficiently dilute so that the particles do not interfere with each 
other, Equation 1, derived by Einstein®, gives the dependence of viscosity, 7, 
on V, the ratio of the volume of solid particles to the total volume of the sus- 
pension. 1 is the viscosity of the liquid medium: 


1. = = no(l + 2.5V) 

2. » = n(l + 2.5V + 14.1V?) 

3. M = Moi +2.5V + 14.1V?) 

4. M = M,(1 + 0.67fV + 1.62f?V?) 


* Reprinted from the India Rubber World, Vol. 117, No. 3, pages 343-348, December 1947. This 
paper was presented at the Pacific Industrial Conference of the California Section, American Chemical 
Society, San Francisco, October 24, 1947. 
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Equation 2 is the extension of the Einstein equation derived by Guth and 
Gold‘ for somewhat higher concentrations where pairs of particles may interact. 
Equation 3 is the completely analagous equation for the modulus, M, of an 
elastomer containing symmetrical pigment particles. Mo is the modulus of the 
unpigmented matrix, which is closely approximated by the modulus of the 
corresponding gum stock. Equation 4 gives the modulus when the particles 
are long, narrow rods®. The shape factor, f, is equal to the ratio of the length 
of the rods to their diameter. 

The equations above were derived for Young’s modulus. They should, 
however, hold also for modulus at a given elongation as ordinarily measured, 
provided the stress-strain curves are such that the ratio of the modulus at one 
loading to that at another is the same at all elongations up to the one at which 
modulus is measured; that is, the curves belong to a single parameter family. 
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Fic. 1.—Physical properties of channel blacks 


This condition appears to hold for most of the stocks included in this paper. 
Examination of the equations reveals that modulus depends on the volume 
loading and the shape of the pigment particles, and should be independent of 
the other three important fundamental properties of pigments except insofar 
as these properties influence either effective volume loading or effective shape 
factor. For example, if the nature of the surface is such that the elastic medium 
is bound and rendered inelastic at the pigment surface, and if the particle size 
is small enough so that a large area per unit volume of pigment is available for 
binding elastomer, then the effective volume of inelastic dispersed phase may 
be appreciably increased. Likewise, if the surface nature and crystal structure 
are such that adhesive forces cause the particles to agglomerate into stable, 
irregular aggregates, then the effective shape factor may be changed. In 
applying these equations to commercial loadings, we should be alert not only 
to possibilities such as the foregoing, but also to the fact that the equations 
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were derived under the assumption that the individual particles are separated 
sufficiently so that extensive interaction between particles does not occur. 
Departure from the theoretical equation may be appreciable where the particles 
are irregular and may interlock with each other at high concentrations. Such 
interlocking would lead to a progressive increase in shape factor as the loading 
is increased. 


EFFECT OF PARTICLE DIAMETER 


Inasmuch as carbon blacks may vary considerably in the shape of their 
rather stable secondary aggregates, one must be careful in selecting a series of 
blacks of varying size that the shape factor does not change. The blacks in 
Figure 1 are all channel blacks prepared by very similar methods, and it is 
felt that in this case differences in the shape factor of the aggregates are neg- 
ligible. The average particle diameter was estimated from electron micro- 
graphs and from specific surface measurements on similar channel blacks; 
however, the linear relation between average diameter and iodine adsorption 
on the devitalized black is an indication that the estimated diameters are 
approximately correct. Continental AA is an easy processing channel black; 
Continental A and D, medium processing channel blacks; Continental F, hard 
processing channel; Continental R-20, R-30, and R-40, conducting channel 
blacks; and AAA, an extra-coarse channel no longer commercially available. 

The formulations for the natural rubber, GR-S, GR-M, and GR-I com- 
pounds studied are given in Table 1. 


TABLE | 


FORMULATIONS FOR COMPARING CHANNEL BLACKS OF DIFFERENT 
PARTICLE DIAMETER 


(Parts by weight) 


Natural 

rubber GR-S GR-I GR-M 
Elastomer 100 100 100 100 
Zine oxide 7.85 5 5 5 
Pine tar 3 5 
Stearite regular* 3.30 2 1 
Stearite A* 1 
Sulfur 2.81 2 2 
Mercaptobenzothiazole 0.743 1.5 0.5 
Light calcined magnesia 4 
R. P. A. No. 3 1 
Light process oil 1 
Phenyl-8-naphthylamine 2 
Benzothiazyl! disulfide 0.75 
Tetramethylthiuram disulfide 1 
Carbon black 50.5 50 50 31 
Carbon black (vol./100 vol. elastomer) 25.8 26.0 25.6 21.5 
Cure temperature (° F) 280 307 307 307 


* Rubber-grade stearic acid prepared by hydrogenation. 


In Figure 2, modulus for the cure giving optimum tensile is plotted against 
particle diameter of the channel blacks. For GR-S and GR-M, modulus 
appears to be independent of particle diameter over the entire range of channel 
blacks. Natural rubber and GR-I behave similarly with the exception of the 
decrease in modulus for R-30 and R-40. The difficulty in making adequate 
allowance for the slow rate of curing of these blacks may explain these low 
modulus values. 
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For the formulations in Table 1, Williams plasticity number increases— 
corresponding to a decrease in the plasticity of the stock—with particle di- 
ameter of the channel blacks (Figure 3). The fact that the Williams plasticity 
values are the same or higher for R-30 and R-40 than for coarser blacks in 
natural rubber and GR-I supports the supposition that the decrease in modulus 
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Fig. 2.— Modulus of channel black stocks. 
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Fig. 3.—Williams plasticity of channel black stocks. 


is due to the effect of these blacks on rate of curing. Increase in Williams 
plasticity with decreasing particle diameter or increasing specific surface area 
may be related to the adsorption and immobilization of elastomer on the par- 
ticle surface. However, in view of the fact that modulus is constant, adsorp- 
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tion does not seem to be the only factor, although it is possible that the un- 
cured stock is adsorbed in appreciable quantities; whereas the vulcanized 
elastomer is not’. 

The increase in Williams plasticity, which is not in accord with the theo- 
retical equations, has an interesting corollary in the behavior of the viscosity 
or consistency of a paint as a function of the specific surface of the pigments 
present. Viscosity of a suspension, as we have already seen, should depend on 
the volume of suspended material in a manner analagous to the equations for 
modulus and should be independent of specific surface. Consistency in paint, 
like Williams plasticity in rubber, increases with increasing specific area of the 
calcium carbonate extender pigment*. As suggested in the previous paper, an 
explanation for this increase in consistency is that it depends on the increase in 
the number of pigment particles per unit volume that accompanies reduction 
in particle size. If one considers that to a certain extent the suspension 
medium may be thought of as flowing through a framework of the suspended 
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particles, then it can be shown that the resistance to flow increases as the num- 
ber of particles increases. The same reasoning may also apply to the plasticity 
of unvuleanized rubber. In the vulcanized material, however, the rubber net- 
work is much larger than the particles, so flow of the rubber molecules through 
the particle framework cannot take place; and modulus, unlike plasticity, is 
essentially independent of the number of particles present. 

We noted previously that carbon blacks, because of possible variations in 
the asymmetry of their exceedingly stable aggregates, are not the best pig- 
ments for the study of the effect of particle size on elastomer properties. 
Finely divided calcium carbonates are more suitable, since their particles are 
fairly symmetrical, and the tendency for irregular aggregate formation is 
practically nonexistent. Moreover, calcium carbonate pigments of almost 
identical chemical composition and crystal structure (calcite) over a wide 
range of average particle diameters are available. Properties of four calcium 
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TABLE 2 


PROPERTIES OF CALCIUM CARBONATES 


Witco AA Micronized Witcarb Witearb 
Whiting Whiting R-12 R 
Ultra-fine 

Natural Natural Precipitated precipitated 
Principal chemical component CaCO; CaCO; CaCO; CaCO; 
Crystal type. Calcite Calcite Calcite Calcite 
Average diameter (mz) 3,900 1,500 145* 50*+} 
Surface area (sq. m. per g.) 0.55 1.4 13 32 
Sludge pH 8.8 8.6 9.1 11.3 


* Determined from electronmicroscope photographs. : 
+ Determined from x-ray diffraction patterns. Recent results have given lower values of the order of 
30 mu for Witcarb-R. 


carbonate pigments are listed in Table 2. The average diameter of the fine 
material, Witcarb-R, is given in the table as 50 millimicrons, but more recent 
results indicate that the average diameter may be closer to 30 millimicrons. 
The coarsest carbonate has an average diameter of about 3,900 millimicrons. 
Although the differences in pH might appear to indicate some difference in the 
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Fic. 5.— Modulus, hardness, and Williams plasticity of smoked sheet 
- and GR-S containing calcium carbonates. 


nature of the particle surface, work in both rubber® and paint!® has shown that 
the pH differences do not affect most of the properties of compositions contain- 
taining these carbonates. The rubber and GR-S compounds used for de- 
termining the effect of particle size of the calcium carbonates are given in 
Table 3. 

In Figure 5, modulus, hardness, and Williams plasticity number are plotted 
against the average particle diameter and specific surface area of the calcium 
carbonates. For both natural rubber and GR-S, modulus is essentially con- 
stant, in agreement with the theoretical equation and with the behavior 
of modulus for the series of channel blacks. Likewise, Shore hardness shows no 
trend with specific surface area. In view of the great difference in surface 
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TABLE 3 


FORMULATIONS FOR COMPARING CALCIUM CARBONATES 
OF DIFFERENT PARTICLE DIAMETER 


Parts by weight) 


Natural rubber GR-S 
Smoked sheet 100 tn 
GR-S — 100 
Zine oxide 5 5 
Pine tar 2 — 
Hard paracoumarone-indene resin = 30 
Stearite 3 1 
Sulfur 2.73 3 
Santocure 1 
Diphenylguanidine 1.5 
Benzothiazy] disulfide 1.25 
Calcium carbonate 80 107 
Calcium carbonate (volumes) 30 40 
Cure temperature (° F) 287 287 


area between the finest and the coarsest pigment, this behavior would indicate 
that there is no appreciable amount of vulcanized rubber or GR-S adsorbed at 
the surface of the calcium carbonate particles. Williams plasticity number 
increases slightly as particle size decreases, just as in the channel black series. 
This behavior may be accounted for by: (1) the cross-linking effect of the very 
fine pigment particles, which prevents flow and increases the Williams plasticity 
value; (2) the binding of a portion of the unvulcanized elastomer chains on the 
pigment surface, with a resultant increase in the ratio of dispersed phase to 
elastic medium; or (3) the effect of the increase in the number of solid particles 
accompanying decreased average diameter. 


EFFECT OF LOADING 


The theoretical equations predict that modulus should increase as the 
volume loading increases. If loading is expressed as the ratio of pigment 
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volume to total volume of the compound—that is, as volume concentration— 
the Einstein equation predicts a linear increase in modulus. The other equa- 
tions require a more rapid rise. 

Figure 6 compares the experimentally determined modulus with the theo- 
retical equation for a series of smoked sheet and GR-S stocks containing from 
0 to 70 volumes of Witcarb-R per 100 volumes of rubber". The experimental 
points agree well with the solid curve representing the Guth and Gold equation. 
The broken line, obtained from the Einstein equation, gives values which are 
too low. Even at the highest loading—38.5 per cent volume concentration, 
which corresponds to 202 parts by weight—the simple theoretical equation of 
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Guth and Gold for symmetrical particles seems to apply, and no shape factor 
or particle network formation need be assumed. Electron micrographs? also 
indicate that the particles of precipitated calcium carbonates, such as Wit- 
carb-R, are symmetrical. 

In Figure 7, experimental moduli for GR-M and GR-I are plotted against 
volume concentration of Witcarb-R. Just as in natural rubber and in GR-S, 
the experimental points follow approximately in the Guth and Gold equation’. 
This agreement with the theoretical equation, in which we have used the actual 
pigment volume uncorrected for any adsorbed elastomer, seems to indicate 
that no appreciable amount of elastomer is adsorbed by the calcium carbonate, 
which confirms the previous results obtained with channel blacks and with 
calcium carbonates of varying diameter. Nevertheless, as a further check, a 
series of loadings of a coarse calcium carbonate was run. In this case the pig- 
ment surface area would be negligible. It was found that, both in rubber’? 
and in GR-S, modulus at fairly high elongation (300 per cent) increased much 
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Fria. 9.—Continex-HMF in GR-S and smoked sheet. 


more slowly than predicted by the Guth and Gold equation, in fact, the modu- 
lus was almost independent of loading. For a coarse pigment it is possible 
that, at high elongation, slippage of the elastomer at the particle surface may 
complicate the problem; therefore measurements were made at 50 per cent 
elongation in GR-S. The results (Figure 8) follow within the limits of experi- 
mental accuracy the solid line corresponding to the Guth and Gold equation. 

Figure 9 shows the relation between modulus and loading for a high-modulus 
furnace black (Continex HMF). The formulation for the natural rubber and 
the GR-S stocks and detailed test data have been previously published". 
The graph indicates a much more rapid increase in modulus with loading than 
was found for the calcium carbonate pigments. The Einstein and the Guth 
and Gold equations give values far below the experimental points. For both 
smoked sheet and GR-S, the best agreement is obtained with the equation 
derived by Guth for rod-shaped particles using a shape factor, f, equal to 
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six. This relation appears to agree fairly well with the data up to a volume 
concentration of about 28.5 per cent, which is equivalent to 80 parts by weight. 
However, at 36 per cent (120 parts) the modulus is higher than given by the 
Guth equation. We have already pointed out that at high loadings irregular 
elongated particles may lock together to produce an increase in effective shape 
factor. This would lead to higher moduli than calculated by using f equals six, 
which is found appropriate at loadings up to about 80 parts. In commercial 
compounds, loadings of more than 80 parts of HMF-type black would hardly 
ever be used. 

The electron micrograph of Sterling L (HMF) shown in Figure 10 indicates 
that a shape factor of six is plausible for high-modulus furnace black. Al- 
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Fia. 10.—Sterling-L (HMF) at 55,000x. 


though it is rather difficult to determine the actual shape factor of a three- 
dimensional object from a projection on a plane, an estimate has been made by 
dividing the largest linear distance measured along the carbon chain by an 
average of the diameters of the largest and the smallest individual particles 
observable in the chainlike aggregates. In the absence of stereoscopic pictures 
this procedure was thought to give the closest approximation of the shape 
factor. Measurements made in this way gave average values for HMF of from 
five to eight for various fields, one of which is shown in Figure 10. For Con- 
tinex-SRF, known to be somewhat less asymmetrical than HMF, a value of 
about five was obtained from previously published electron micrographs". 
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The data presented indicate that, provided the shape of the pigment 
particles and stable secondary aggregates is taken into consideration, in many 
cases the dependence of modulus on amount of carbon black and calcium car- 
bonate in the compound may be accounted for in the normal commercial 
loading range by theoretically derived equations. 

For the compounds in Table 1, durometer and plasticity also increase with 
increasing loading in qualitative agreement with the theoretical requirements’. 
However, these measurements do not give values of stress for a constant strain, 
and their relation to volume loading is somewhat more complicated than in the 
ease of modulus. 

The practical significance of the agreement between the experimental values 
and the theoretical equations is worth emphasizing. Provided experiments 
with other pigments confirm the indications given in this paper, it will be 
possible to calculate modulus at any loading from measurements made at only 
one loading for a filler composed of symmetrical particles or approximately 
rod-shaped particles of known shape factor. 


TENSILE STRENGTH, TEAR RESISTANCE, TENSILE PRODUCT 


In the case of the tensile class of properties, no theoretical relation has been 
derived for the dependence of the elastomers either on pigment loading or on 
the structure of the elastomers themselves. It has been found empirically 
that longer chain lengths tend to give higher tensile strength and tear resist- 
ance!®, Likewise, cross-linking of the chains, as in vulcanization, produces 
enormous increase in tensile strength; while crystallization of the elastomer by 
stretching or freezing" and the addition of finely divided pigments also increase 
tensile strength. 

A simple calculation shows that if rupture involved the breaking of a large 
fraction of the chains in a unit cross-section, ultimate tensile strengths would be 
many times higher than observed. This fact leaves a choice between two 
possibilities for the predominant factor in determining tensile strength: (1) 
the energy required to rupture a small fraction of the total chains—for example, 
those of median length—and (2) the energy required to separate the elastomer 
chains from each other. Assuming that the second of these possibilities is 
correct, the forces that might have appreciable effect in holding the chains to- 
gether are: (1) chemical cross-links produced by vulcanization or other means; 
(2) forces produced by crystal formation along part of the chain length; and 
(3) adsorption cross-links produced by the action of the surface of finely di- 
vided pigments. The tensile class of properties would then be a function 
of all three of these effects. The mutual attraction of elastomer chains in the 
amorphous state may be neglected since the tensile strength of unvulcanized 
gum stocks is practically zero. 

On the basis of these concepts, pigments act as binding agents holding the 
rubber chains together by virtue of the adsorption of these chains on the par- 
ticle surface; consequently the more finely divided the pigment—the greater 
the number of particles and the greater the available surface on which the rubber 
may be adsorbed—the stronger the binding. That is, tensile properties should 
increase as average particle diameter decreases. Likewise, as loading increases, 
both the number of particles and the total particle surface area present increase 
so that tensile strength also should increase. Increased loading, however, also 
dilutes the elastomer, that is, reduces the number of chains which have to be 
separated to rupture a unit cross-section, so a point is reached at which the 
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number of rubber chains decreases more rapidly than the tightness of binding 
increases; and further increase in pigment results in a lower tensile strength, 
Thus tensile strength should increase to a maximum with loading and then 
decrease. 

The simplest case in which to test the validity of these qualitative predic- 
tions concerning the effect of pigments on tensile strength is in unvulcanized 
natural rubber. Since practically no cross-links are present in unvulcanized 
rubber, the effect of pigments can be examined without this complicating 
factor. Figure 11 shows that tensile strength, tensile product, and tear resist- 
ance of uncured smoked sheet containing 26 volumes of pigment increase as 
the specific surface area of the pigment increases. At least in this series of 
results neither the chemical nature of the surface nor the shape factor appears 
to be important in determining tensile class properties, since Witcarb]R-12, a 


4 PROPERTIES OF UNCURED SMOKED SHEET 


TEAR 
LB/IN. 


Psi 


Psix%x 10? 


TENSILE PROOUCT TENSILE STRENGTH 





PIGMENT SPECIFIC SURFACE, M*/cC 


Fic. 11.—Pigments in uncured smoked sheet. 


precipitated calcium carbonate, and medium thermal black, both of which 
consist of symmetrical particles, are roughly in line with the values for the 
furnace (Continex-SRF) and channel blacks'’. 

In vulcanized elastomers, vulcanization bonds or a related number of car- 
bon-to-carbon bonds in the rubber chains must be broken before rupture 
can take place. The binding force of these chemical bonds is then super- 
imposed on the effect of the pigments. Nevertheless, in vulcanized elastomers, 
tensile properties also increase with decreasing particle diameter. A large 
amount of published data have shown that this is the case for carbon blacks, 
and Figure 12 indicates that tensile strength and tear increases with decreasing 
particle size for calcium carbonates. 

In elastomers such as natural rubber, GR-M, and GR-I, crystallization 
forces also must be considered, and, at keast at low pigment loadings, the pres- 
ence of these forces leads to higher tensile strength and tear resistance than in 
GR-S and acrylonitrile copolymers, which do not crystallize. Figure 13, 
which shows a series of loadings of Witcarb-R in various elastomers, illustrates 
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niet this point nicely. Also, as loading increases, tensile strength increases to a 
bie maximum and then decreases for all elastomers except GR-I, where the maxi- 
13 mum may have been below 25 parts loading. The increase in tensile strength 
ine is much more marked for the noncrystallizing polymers—GR-S and Hycar— 

and the maximum occurs at much higher loading than for the crystallizing 
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polymers. The reason may be that the formation of crystallites, as the rubber 
is stretched, leads to a decrease in amount of elastic phase; the crystallites 
act very much like pigment particles and cause an effective increase in loading, 

Tear results for the same compounds are also shown in Figure 13. Like 
tensile strength, resistance increases to a maximum with loading, but the 
maxima occur at higher loadings. Since the tear test does not result in high 
elongation and crystallization to the same extent as tensile strength, it is not 
surprising that tear resistance for the crystallizing polymers increases more 
sharply with pigment, and in this respect the polymers that crystallize resemble 
GR-S and Hycar more closely than in the case of tensile strength. 

Although we do not have available quantitative relations between pigment 
loading and tensile properties, we may conclude that the concept of finely 
divided pigments acting as bonds tying the rubber chains together leads to 
qualitative predictions which are in agreement with experimental data. 


SUMMARY 


Modulus appears to be independent of average particle diameter. With 
respect to the dependence of modulus on loading, calcium carbonate pigments 
which are symmetrical follow the equation derived by Guth and Gold for the 
relation between modulus and volume concentration of symmetrical inelastic 
particles. Up to about 80 parts by weight loading, HMF black follows a 
similar equation derived for rod-shaped particles, assuming a value of six for 
the ratio of the length to the diameter of the particles. The agreement with 
these theoretical equations is surprisingly good, and holds out the eventual 
possibility of calculating modulus over a wide loading range from tests at a 
single loading. Hardness and plasticity increase with loading in qualitative 
agreement with the equations. 

The behavior of modulus as a function of loading and average particle 
diameter of pigments indicates that vulcanized natural or synthetic rubber is 
not adsorbed in appreciable quantities or with sufficient force to be rendered 
inelastic at the surface of either calcium carbonate or carbon black pigments. 

Qualitative predictions based on the hypothesis that tensile strength is « 
measure of the force required to separate rubber chains from each other rather 
than to break rubber chains, and that pigment particles act as cross-linking 
agents holding the chains together, are in agreement with the behavior of 
calcium carbonate and carbon black pigments of widely different surface area 
over a considerable loading range. 
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Although the behavior of the modulus of the channel black and also, as will be shown, of calcium car- 
bonate, stocks indicates that an appreciable amount of elastomer is not adsorbed and immobilized 
at the surface of these pigments, it does not follow that the elastomer is not adsorbed at all. Some 
adsorption must be assumed if slippage at elastomer-pigment interface is not to occur. Likewise 
the behavior of tensile class properties indicates that adsorption of elastomer occurs at least to a 
sufficient extent to increase the energy required to separate elastomer chains from one another. 

8Figure 4 is taken from a paper presented at a joint symposium of the Colloid Division and Paint, Varnish, 
—— Division at the 111th Meeting of the American Chemical Society, Atlantic City, Apr. 16, 
1947. 

9 Cohan ond Spielman, ‘‘Inorganic pigments in natural and synthetic rubber”, to be published in Ind. 
Eng. Chem. 

10 Siesholtz and Cohan, ‘‘Calcium carbonate extender pigments: relation of particle size to the physical 
properties of paints’’, presented at the Symposium on Colloid Chemistry of Inorganic Pigments at a 
joint meeting at the Colloid Chemistry Division and the Paint, Varnish and Plastics Division at 
the 111th Meeting of the American Chemical Society, Atlantic City, Apr. 11, 1947. 

1! Witeo Chemical Co., ‘‘Witco Pigments in Rubber’, Bull. 47-1, New York, 1947; Cohan and Spielman, 
‘Inorganic pigments in natural and synthetic rubber’’, to be published in Ind. Eng. Chem. 

12 Witco Chem. Co., ‘‘Witco Pigments in Rubber’, Bull. 47-1, New York, 1947. 

13 Witco Chem. Co., ‘‘Continex-HMF"”’, Witco Technical Service Report R-3, Dec. 30, 1946; ‘‘Witco Pig- 
ments in Rubber’’, Bull. 47-1, New York, 1947. 

“ Cohan, Chem. Eng. News 23, 2078 (1945) ; Witco Chem. Co., ‘‘Carbon Black Manual’’, 1945. 

18 Yanko, ‘Physical properties of fractions of GR-S and their vulcanizates’’, presented before the Division 
of Rubber Chemistry at the 112th Meeting of the American Chemical Society, New York, Sept. 18 


1947. 
16 Gehman, Woodford and Wilkinson, Ind. Eny. Chem. 39, 1108 (1947). 
17 Cohan and Steinberg, Ind. Eng. Chem. Anal. Ed. 16, 15 (1944). 








CHROMATOGRAPHIC FRACTIONATION OF 
SOME SYNTHETIC ELASTOMERS * 


IvaAN LANDLER 


Mark and Saito! were the first to fractionate a high polymer (cellulose ace- 
tate) by chromatographic adsorption on blood carbon. They found that 
molecules of low molecular weight were adsorbed first, and that the mean 
molecular weight of the product which remained unadsorbed was higher than 
the original molecular weight. Levi and Giera* confirmed this result, but did 
not succeed in fractionating Buna-S or polyisoprene, for these polymers were 
eluted by the solvent during the washing operation in the column. 

The present authors have carried out further experiments in this field with 
a study of three commercial synthetic elastomers, viz., GR-S (butadiene- 
styrene copolymer), Perbunan-N (butadiene-acrylonitrile copolymer), and 
Visitanex (polyisobutylene). The polymer was adsorbed by starting with a 
poor solvent composed of a mixture of toluene and methanol; the quantity of 
alcohol added was just below the threshold of precipitation. The adsorbent 
used was a mixture of 75 per cent of lamp black (80 square meters per gram) 
and 25 per cent of coarse active carbon. The latter served to prevent agglomer- 
ation of the lamp black. The adsorbent was divided into three layers, of 10 
gramseach. At the end of the tube was a filter of fritted glass. Filtration was 
carried out under pressure, the rate of flow thereby being maintained constant, 
The polymers were characterized by their intrinsic viscosities. The molecular 
weights which were estimated by means of the relation, found experimentally. 
between the molecular weight and viscosity, are only approximate, for this 
relation holds true only for narrow fractions. 

After filtration, the column was washed with a mixture of the same com- 
position as that of the original solution until the wash liquor no longer con- 


TABLE | 
Solution 
poet Not 
Concentration Con- Original Top Middle Bottom through _ recov- 
Polymer (g. per liter) stant solution layer layer layer column ered 
Polyisobutylene 2.5 In] 0.134 0.080 0.120 0.135 0.140 -- 
M X1073 650 275 530 650 680 - 
% 100 3.5 §.1 4.1 80.6 6.7 
Perbunan 4.3 [n] 0.174 0.007 0.014 0.032 0.150 ~ 
M X1073 420 1.8 5.5 22 300 — 
% 100 28.3 9.6 6.1 52.2 3.8 
GR-S 2.01 [n] 0.248 0.056 0.088 0.153 0.200 
M xX107 700 65 130 330 500 — 
% 100 , 2.3 2.8 3.2 89.7 2.0 
GR-S 6.5 {n] 0.248 0.096 0.103 0.116 0.196 - 
M X10 700 140 160 210 450 im 
% 100 4.7 5.6 6.3 69.4 14.2 
GR-S 15 {n] 0.248 0.198 0.186 0.151 0.180 
M X10 700 500 430 300 420 
% 100 14.25 12.55 11.9 52.2 9.1 


* Translated for RuBBER CHEMISTRY AND TECHNOLOGY from the Comptes Rendus Hebdomadaires des 
Séances de l’ Académie des Sciences, Vol. 225, No. 15, pages 629-631, October 13, 1947. 
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tained any polymer. The three adsorbent layers were then separated and 
eluted with good solvents (toluene, carbon tetrachloride, and benzene) and 
any lamp black which was entrained was removed by centrifuging. 

The data in Table 1 lead to the following conclusions. 


(1) Fractionation of elastomers by chromatographic adsorption is prac- 
ticable. 

(2) At low concentrations, polymers of relatively low molecular weight are 
adsorbed first. At higher concentrations, the contrary is true. 

(3) Unsaturated polymers are degraded during filtration, as a result of 
which the mean molecular weight after filtration is lower than that in the 
original solution. 

(4) The higher the concentration of polymer in the original solution, the 
higher the percentage of polymer which is adsorbed. 

(5) That part of the polymer which is not recovered represents on the one 
hand part of the losses which occur during treatment and, on the other hand, a 
certain amount of polymer which is fixed on the adsorbent by chemical com- 
bination. 


The most striking fact is the preferential adsorption of molecules of low 
molecular weight at low concentrations. It is not easy to give an adequate 
theoretical explanation of this phenomenon. It is, however, believed that it 
may depend on a competition, as it were, between solvent and polymer, as a 
result of which a molecule of the polymer is practically never adsorbed along 
its entire length. In general, the same number of successive groups are ad- 
sorbed, and the molecules are held at the surface with the same energy, what- 
ever may be their length. On the other hand, the kinetic energy necessary to 
detach them is more easily accumulated by a long chain than by a shorter 
chain, and therefore the latter is preferentially adsorbed. 

With increase in the concentration of polymer, the number of cases where a 
chain is adsorbed at two or more different locations also increases. The longer 
the chain, the more probable is this multiple adsorption. The phenomenon is 
therefore reversed, and molecules of relatively high molecular weight are prefer- 
entially adsorbed. Since the viscosity is an index of the mean molecular weight, 
the adsorption of molecules of low molecular weight, which in part remain 
unchanged, is masked by this multiple adsorption. 
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A STUDY OF THE DEACTIVATING EFFECT * 


RENE HILDENBRAND 
InstiTuT FRANCAIS pu CaourcHouc, 42 Rue ScHEerrer, PARIS, FRANCE 


It has already been shown by Le Bras! that certain substances protect 
vulcanized rubber from deterioration by oxygen without retarding to any sig- 
nificant extent its rate of oxidation. In this case the phenomenon is different 
from a true antioxygenic effect, where protection is evident by a notable re- 
tardation of the rate of oxidation. The phenomenon was first manifest in a 
systematic comparison of a series of antioxygenic agents of different chemical 
types with respect to their influence on the oxidizability of a vulcanizate and 
the protection which they impart in the artificial accelerated aging of the 
vulcanizate. 

It was proved that, in conformity with the mechanism of the antioxygenic 
effect, there was in general a retardation of the rate of oxidation and protection 
against deterioration by oxygen at the same time. Only a vulcanizate con- 
taining mercaptobenzimidazole (a substance classed among antioxygenic 
agents, since it is known to increase resistance to accelerated aging) showed an 
anomalous behavior with respect to the rate of oxidation. Although this 
particular vulcanizate showed good resistance to artificial aging, its oxidizability 
was of the same order as that of the control vulcanizate containing no protec- 
tive agent, which deteriorated very rapidly. 

In this case, consequently, the protection against deterioration by oxygen 
involved a mechanism quite different from that characteristic of the classic 
antioxygenic effect. 

Preliminary experiments undertaken for the purpose of establishing a direct 
relation between the weight of oxygen absorbed and the corresponding decrease 
in tensile strength of a vulcanizate showed only that in the presence of mercapto- 
benzimidazole the rubber could tolerate higher percentages of combined oxygen 
without showing appreciable deterioration. On the contrary, in the presence 
of an antioxygenic agent, the deterioration for a given percentage of absorbed 
oxygen was the same as that of the control vulcanizate. We should, therefore, 
agree with Le Bras that, since an inhibitor like mercaptobenzimidazole does not 
obstruct the combination with oxygen, it reacts in some way to deactivate the 
harmful peroxides as soon as they are formed by transforming them into simple 
oxides which have insufficient activity to degrade the rubber molecule. 

For this reason, mercaptobenzimidazole has been designated by the term 
deactivator to distinguish its mode of action from that of ordinary antioxygenic 
agents. 

A deactivating agent like mercaptobenzimidazole and an antioxygenic 
agent both contribute to the protection of rubber against deterioration by 
oxygen such as takes place in accelerated aging tests, but the mechanisms by 


* Translated for RuBBER CHEMISTRY AND TECHNOLOGY from the Revue Générale du Caoutchouc, Vol. 24, 
No. 12, pages 436-445, December 1947. This paper is an abridged version of an engineering thesis carried 
out at the French Rubber Institute and submitted, on December 16, 1946, to the Faculty of Sciences at the 
University of Paris, France. 
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which these two classes of inhibitors bring about the same ultimate result are 
different. 

Finally Le Bras and Viger? have shown that the concurrent use of these two 
modes of protection make it possible to increase to a notable degree the re- 
sistance of rubber to degradation by oxygen. The combined use in equal 
percentages of mercaptobenzimidazole and an antioxigenic agent gives a 
degree of protection against deterioration which is greatly superior to that 
brought about by either of the two agents used separately. It is thus possible 
to choose combinations of protective agents which are particularly effective. 


THE ACTION OF MERCAPTOBENZIMIDAZOLE ALONE AND 
OF OTHER DEACTIVATING AGENTS 


THE EFFECT OF MERCAPTOBENZIMIDAZOLE ON VULCANIZATION ACCELERATORS 


It has been found that mercaptobenzimidazole has, in contrast to the 
majority of ordinary inhibitors, a considerable influence on vulcanization. 
Jones’ showed that the vulcanization of rubber by mercaptobenzothiazole is 
retarded by mercaptobenzimidazole, and Kawaoka‘ showed that mercapto- 
benzimidazole retards acidic accelerators but activates basic accelerators. 
With acidic accelerators, e.g., mercaptobenzothiazole, the products remain to 
a greater or less extent uncured, and have tensile strengths lower than those of 
the corresponding vulcanizates cured without mercaptobenzimidazole. With 
basic accelerators, on the other hand, e.g., diphenylguanidine or hexamethyl- 
enetetramine, vulcanizates are obtained which have mechanical properties 
superior to those of the corresponding vulcanizates containing no mercapto- 
benzimidazole. On the contrary, with accelerators of the thiuram type, 
mercaptobenzimidazole has no appreciable effect on vulcanization. 

Since these experiments were carried out with rubber mixtures containing 
only 1 per cent of mercaptobenzimidazole, the present author has studied the 
effects of higher percentages. The most characteristic results were obtained 
with mercaptobenzothiazole. A mixture of the pure-gum type containing 1 
per cent of this accelerator was retarded considerably by mercaptobenzimida- 
zole, so that around the point of optimum cure there was a loss of more than 40 
per cent in the tensile strength of the vulcanized mixture. With a combination 
of tetramethylthiuram disulfide and benzothiazoyl disulfide, the effect of 
mercaptobenzimidazole was much less pronounced than in the preceding case, 
and a rubber mixture containing up to 4 per cent of mercaptobenzimidazole 
had mechanical properties close to those of the corresponding control vul- 
canizate. , 

Finally mercaptobenzimidazole might be expected to have no influence on a 
combination of an acidic accelerator such as diphenylguanidine because of its 
opposite effects on these two accelerators. Vulcanization curves indicate, 
however, that this is not so, but that, on the contrary, with this particular 
combination of accelerators, mercaptobenzimidazole retards vulcanization to a 
greater degree than it does with merecaptobenzothiazole alone. The two 
effects are, therefore, probably not additive, and a different mechanism seems 
to be involved. 

These tests are of importance because they indicate that, contrary to the 
behavior of most antioxygenic agents, mercaptobenzimidazole plays an active 
part in vulcanization. That this is true is corroborated by facts described 
later. 
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INFLUENCE OF ZINC OXIDE ON THE PROTECTIVE ACTION OF 
MERCAPTOBENZIMIDAZOLE 


Mercaptobenzimidazole, as has just been shown, is a very good protective 
agent, whereas it is ineffective or even actually harmful in a simple rubber- 
sulfur mixture. 

A mixture of rubber 100 parts and sulfur 7 parts, vulcanized 5 hours at 
143° C, was used in this study. 

Figure 1, in which the decrease in tensile strength of this vulcanizate is 
plotted as a function of the time of heating in an air oven at 80° C, shows that 
mercaptobenzimidazole has no protective effect. On the contrary, it would 
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Fic. 1.—Comparison of the accelerated aging of a rubber-sulfur vulcanizate with and without various 
agents.T = Control containing no agent; M.B.I. = Mercaptobenzimidazole; S —S = Benzimidazy! 
disulfide; Zn = Zn salt of mereaptobenzimidazole; BN = Phenyl-s- naphthylamine. 


appear to be somewhat harmful, for the tensile strength tends to decrease a 
little more rapidly when mercaptobenzimidazole is present. 

This is a particularly interesting observation, for heretofore protective 
agents have been found to be equally effective in rubber-sulfur mixtures and in 
accelerated mixtures, whether loaded or not. It became necessary, therefore, 
to determine what vulcanizing agent was responsible for the protective action 
manifested by mercaptobenzimidazole. 

Further experiments showed that when zinc oxide is added to the simple 
rubber-sulfur mixture above, mercaptobenzimidazole again exerts a protective 
action (see Figure 2). 

It may reasonably be assumed that mercaptobenzimidazole first reacts with 
zinc oxide®, Since it has an acidic mercapto group, it is probably this group 
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which reacts with zine oxide, with formation of the zine salt of mercaptobenzi- 
midazole (zine mercaptobenzimidazole) thus: 

If this hypothesis is correct, it would seem reasonable to expect a certain 
amount of protection against deterioration by first preparing zinc mercapto- 
benzimidazolate as such and then adding it to a rubber-sulfur mixture. 

It was found by actual experiment that 2 per cent of this zine salt in such 
a rubber mixture has a protective action, although this effect is rather weak, 
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Fic. 2.—Comparison of the accelerated aging of a rubber-sulfur zinc oxide vulcanizate with and with- 


out three different agents. T = Control containing no agent; M.B.I. = Mercaptobenzimidazole; Zn 
= Zine salt of mercaptobenzimidazole; ¢8N = Phenyl-8-naphthylamine. 


particularly when compared to that obtained with a typical antioxygenic agent 
such as phenyl-8-naphthylamine. When, for example, as in Figure 1, the 
effect obtained with 2 per cent of this zinc salt is compared with the control 
vulcanizate, it is seen that, although the protection afforded by the zinc salt 
is less than that by phenyl-8-naphthylamine, it does represent a real improve- 
ment over the effect of mercaptobenzimidazole. 

Furthermore, since the zinc salt of mercaptobenzimidazole protects rubber- 
sulfur mixtures, it should be expected likewise to protect rubber-sulfur-zine 
oxide mixtures. Actually the curves in Figure 2 show that the zine salt gives 
practically the same results as does mercaptobenzimidazole itself. It would 
seem, therefore, that it is not the mercaptobenzimidazole itself but its zinc 
salt, formed during vulcanization, which is responsible for the protective 
effect. 

Finally, if the zine salt is the real deactivating agent, its addition to a 
rubber mixture of the pure-gum type would be expected to protect the rubber to 
about the same extent as would the direct addition of mercaptobenzimidazole. 

The rubber mixture studied had the following base composition: 


Smoked sheet rubber 100 
Sulfur 

Tetramethylthiuram disulfide 

Benzothiazoy] disulfide 

Stearic acid 

Zinc oxide 

Clay 1 
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The effects obtained with 1 part of zinc mercaptobenzimidazolate, 1 part 
of phenyl-8-naphthylamine, and 0.5 part of zinc mercaptobenzimidazolate 
+ 0.5 part of phenyl-8-naphthylamine, respectively, in this base mixture were 
compared. 

The curves in Figure 3 show that the protection obtained with the zinc salt 
is very distinct, in fact it approaches more nearly to that with phenyl-é- 
naphthylamine than it does in the simple rubber-sulfur vulcanizate. Moreover 
the combination of zinc mercaptobenzimidazolate and phenyl-8-naphthylamine 
has a protective action approaching that of the combination of mercapto- 
benzimidazole and phenyl-8-naphthylamine?. 

After 15 days’ aging, the control mixture lost practically all of its tensile 
strength, the mixture containing 1 part of zinc mercaptobenzimidazole lost 60 
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Fia. 3.—Comparison of the 7? aging of Mixture 1 “ and without various agents. T = Con- 
trol, containing no agent; M.B.I. = Mercaptobenzimidazole; Zn = Zn salt of pascoperoanaieniiantte: 
¢8N = Phenyl-8-naphth: lamine; M.B.I. = Mercaptobenzimidazole phenyl-8-naphthylamine; Zn = + Zn 
salt of mercaptobenzimidazole + pheny]-8-naphthylamine. 


per cent of its tensile strength, the mixture containing 1 part of phenyl-B- 
naphthylamine lost 38 per cent of its tensile strength, and the mixture con- 
taining a combination of the two agents lost only 22 per cent of its tensile 
strength. 

On the basis of oxidizability, the zinc salt had the same effect as did mer- 
captobenzimidazole itself. The combination of the zinc salt and mercaptoben- 
zimidazole retards the rate of oxidation to a greater degree than does phenyl-f- 
naphthylamine alone, in fact the effect is comparable to that obtained by the 
combination of phenyl-8-naphthylamine and mercaptobenzimidazole. For 
example, for the mercury column in the Dufraisse manometer to rise 200 mm. 
at 80° C, it was necessary to heat the control vulcanizate 20 hours, the vul- 
canizate containing zinc mercaptobenzimidazolate 28 hours, the vulcanizate 
containing phenyl-8-naphthylamine 72 hours, and the vulcanizate containing 
the combination of zinc mercaptobenzimidazolate and phenyl-6-naphthyl- 
amine 84 hours. 
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These tests show that it is not mercaptobenzimidazole itself but its zinc 
salt, formed during vulcanization, which is the protective agent in rubber and 
which functions as a deactivating agent. 


DISCUSSION 


It would be expected that the protective effect obtained with the zinc 
salt of mercaptobenzimidazole in the rubber mixture above would be of the 
same order as that obtained with mercaptobenzimidazole itself. But whereas 
mercaptobenzimidazole has a protective action equal to, or even greater than, 
that of phenyl-8-naphthylamine, the zine salt of mercaptobenzimidazole has 
less protective action (although always imparting good protection) than that of 
phenyl-8-napththylamine. A point to be considered is the fact that when 
mercaptobenzimidazole is added to a rubber mixture containing zinc oxide, 
the zine salt is formed directly within the rubber. When the zinc salt is formed 
in situ in this manner, it is probably better dispersed and of finer particle size 
than it is when added to the rubber in the form of already prepared zinc 
mercaptobenzimidazolate, and this is doubtless reflected in differences in the 
relative protective effects obtained. 

Furthermore, whereas in the rubber mixture described above the effects 
obtained with phenyl-8-naphthylamine and zine mercaptobenzimidazolate are 
practically the same, in the simple rubber-sulfur mixture the effect of zinc 
mercaptobenzimidazolate is much weaker than that of phenyl-6-naphthyl- 
amine. 

It is probable that the action of mercaptobenzimidazole on vulcanization 
is more complex than is represented by the simple reaction of mercaptobenzi- 
midazole with zine oxide. But even if the zinc salt of mercaptobenzimidazole 
is probably the chief product formed, and even if it is chiefly responsible for the 
deactivating effect, it is still possible that secondary reaction products of a 
more complex nature and also with deactivating effects are likewise formed. 
At the same time stearic acid may play a part in the reaction, e.g., by promoting 
the absorption into the rubber of mercaptobenzimidazole or of its zinc salt. 

When it is considered that the complex reactions involved in the process of 
vulcanization are for the most part still unexplained, it is not surprising that 
a compound such as mercaptobenzimidazole, which has both a notable retard- 
ing and activating effect on vulcanization, does not react merely by the simple 
reaction: 


N N 
/ , ‘\“ % 
2C 6H, CSH + ZnO —— CeH, CS | Zn + H,0 
wi i 
NH NH 2 


But at least the tests which have been described show that mercaptobenzi- 
midazole by itself does not protect rubber at all against deterioration, and that 
its transformation products formed during vulcanization, in particular its 
zinc salt, are chiefly responsible for the deactivating effect, which had originally 
been attributed to the mercaptobenzimidazole. 

Whereas mercaptobenzimidazole has a retarding effect on acidic accelerators 
and an activating effect on basic accelerators, which are manifest by differences 
in the states of cure of vulcanizates with and without mercaptobenzimidazole, 
the use of the zinc salt avoids these detrimental effects. In fact the zinc salt 
of mercaptobenzimidazole has no appreciable influence on vulcanization, even 
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when present in as high amounts as 3 per cent of the rubber. For example, it 
was found that the tensile strength of a rubber vulcanizate accelerated with 
mercaptobenzothiazole was reduced more than 40 per cent by the addition of 
2 per cent of mercaptobenzimidazole, whereas with 3 per cent of the zinc salt, 
the reduction in tensile strength was only a few per cent. Accordingly it would 
seem of advantage in practice to use the zine salt rather than mercaptobenzi- 
midazole itself. 


FURTHER EVIDENCE OF THE FORMATION OF THE ZINC SALT 
OF MERCAPTOBENZIMIDAZOLE 
There are other facts which point to the formation of the zinc salt of mer- 
captobenzimidazole. 
When the hydrogen atom of the mercapto group in mercaptobenzimidazole 
is replaced by a radical, the possibility of the reaction with zinc oxide is de- 
stroyed. Thus 2-methylmercaptobenzimidazole, 


aa 


cH Noscu, 
"al 


NH 


a 


has no protective action. This inactivity is in perfect accord with the impos- 
sibility of its forming the zinc salt. Likewise benzimidazole, 


+ 


does not react with zinc oxide and shows no protective effect. 
Benzimidazoy] disulfide, 


- 


cu Nos 
\ 


i 
NH 2, 


behaves in the same way as mercaptobenzimidazole. This compound is an 
excellent deactivating agent for, when added to the control mixture described 
above, it has practically no effect on the oxidizability of the vulcanizate; yet 
it is about as effective as mercaptobenzimidazole in protecting the vulcanizate 
against deterioration by oxygen. In this case too, zinc oxide is necessary for 
the benzimidazoyl! disulfide to exert any deactivating action. This deactivat- 
ing effect unquestionably depends on the formation of zinc mercaptobenzimida- 
zolate, in which case the hydrogen required to remove the oxygen from the 
zine oxide is probably derived from the rubber itself. 
It would appear, therefore, from these results that the deactivating effect 
\ \ VA 
is somehow connected with the mercapto ge or C—S—S—C 


group. 
Table 1 summarizes the results. A negative sign signifies the absence of 
any protective effect; a positive sign indicates a protective effect. 
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TABLE | 


Rubber- Rubber-sulfur- Pure-gum 
Compound sulfur zinc oxide mixture 


Mercaptobenzimidazole 
Benzimidazoyl disulfide 

Zinc mercaptobenzimidazolate 
2-Methylmercaptobenzimidazole 
Benzimidazole 


bt+01 
| 1 +++ 
ll +++ 


It was of interest to determine whether other groups in the mercaptobenzi- 
midazole molecule are capable of playing an active part in the phenomena; 
hence several other compounds having structures similar to that of mercapto- 
benzimidazole were synthesized and tested. These compounds are shown in 
Table 2. 


TABLE 2 
Compound Constitution 
Mercaptoimidazole H.C— N \c 
Nes 
ff SH 
H.C—NH 
N a 
7 ;  ™ a i 
Benzimidazoy] disulfide — worn Prisms 
“ya ‘NH 
N 
3-Phenylmercaptobenzimidazole CoH, CSH 
bee 
N 
CoH; 
Bis (tetrahydromercaptoimidazole) ethane ~ —~—- ad — wae 
m F aii N N 
Nob GH 
Ethylene bis (N,N-phenylthiourea) Se 
S 
N 
YN 
Mercaptobenzoxazole CoH, CSH 
~ 
O 


All the compounds in Table 2 were found to have effects on the deteriora- 
tion and oxidizability of rubber similar to the effect of mercaptobenzimidazole. 
It should be added, however, that, with the exception of benzimidazoyl di- 
sulfide, mercaptobenzimidazole was found to be the most effective in its pro- 
tective action against deterioration in the accelerated aging test. 

It is obvious from Table 2 that the NH group in mercaptobenzimidazole is 
not indispensable to its deactivating action, since the substitution of the hydro- 
gen atom in this NH group by a phenyl group (as in 3-phenylmercaptobenzi- 
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midazole) as well as the replacement of the whole NH group by an oxygen 
atom (as in mercaptobenzoxazole) does not modify the character of the de- 
activating power. 

From the results summarized in Tables 1 and 2 it may be concluded that 
the deactivating effect depends on the presence of the mercapto group, with 
which it is possible to form the zinc salt by reaction with zine oxide present in 
the rubber mixture. 


OTHER METAL SALTS OF MERCAPTOBENZIMIDAZOLE 


It seemed of interest to determine whether other salts besides the zine 
salt have deactivating effects or whether this activity is peculiar to the zinc 
salt. Two other metal salts (1) magnesium mercaptobenzimidazolate, 

N 


N 


\ 
CH, CS | Mg, 


‘NH ; 
and (2) ferric mereaptobenzimidazolate, 
N : 
CoH, ‘os Fe, 
NU 3 


were prepared from a neutral solution of sodium mercaptobenzimidazolate and 
solutions of magnesium sulfate and ferric sulfate, respectively. The reactions 
are ionic and take place instantaneously. 

For each of these compounds, four mixtures were vulcanized: 


(1) a control mixture, containing no agent; 

(2) a mixture containing 1 part of either magnesium or ferric mercapto- 
benzimidazolate ; 

(3) a mixture containing 1 part of phenyl-@-naphthylamine; and 

(4) a mixture containing 0.5 part of either magnesium or ferric mercapto- 
benzimidazolate plus 0.5 part of phenyl-8-naphthylamine. 


Figure 4 shows the results obtained in aging tests in an air oven at 80° C. 

The curves in Figure 4 show that the zinc, magnesium and ferric salts of 
mercaptobenzimidazolate have practically the same protective effect. This 
effect is less than that imparted by phenyl-8-naphthylamine, nevertheless is 
very good. The simultaneous use of one of these compounds with an anti- 
oxygenic agent like phenyl-$-naphthylamine increases the resistance to de- 
terioration to the same extent obtained with a combination of phenyl-f- 
naphthylamine and mercaptobenzimidazole. 

For example, after aging for 20 days, the control vulcanizate lost practically 
all its tensile strength, the vulcanizate containing the magnesium salt lost 67 
per cent of its tensile strength, the vulcanizate containing phenyl-6-naphthyl- 
amine lost 52 per cent of its tensile strength and the vulcanizate containing 
the combination of phenyl-8-naphthylamine and the msgnesium salt lost only 
34 per cent of its tensile strength. 

The corresponding oxidizability measurements, the results of which are 
shown in Figure 5, show that these four compounds are all deactivating agents; 
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Kia. 4.—Comparison of the accelerated aging of Mixture 1 with and without various agents. Zn 
= Zinc salt of mercaptobenzimidazole; Mg = Magnesium salt of mereaptobenzimidazole; Fe = Iron’salt 
of mereaptobenzimidazole; phenyl-8-naphthylamine; Zn + = Zine salt of mercaptobenzimidazole 
+ phenyl-8-naphthylamine; Mg + = Magnesium salt of mereaptobenzimidazole + phenyl-8-naphthyl- 








amine; Fe + = Iron salt of mereaptobenzimidazole + phenyl-8-naphthylamine. 
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Fic. 5.—Comparison of oxidizability of Mixture 1 with and without various agents. T = Control- 
containing no agent; Zn = Zn salt of mercaptobenzimidazole; Mg = Magnesium salt of mercaptobenzi, 
midazole; Fe = Iron salt of mercaptobenzimidazole; ¢8N = phenyl-naphthylamine; Zn + Zinc salt of 
mercaptobenzimidazole + phenyl-6-naphthylamine; Mg + = Magnesium salt of mercaptobenzimidazole 
+ phenyl-8-naphthylamine; Fe + = Iron salt of mercaptobenzimidazole, phenyl-8-naphthylamine. 
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in fact the curves indicate that the oxidizability of the vulcanizate containing 
any one of these agents is only slightly less than that of the control vulcanizate, 
but that a combination of one of the agents with phenyl-8-naphthylamine 
decreases the oxidizability to a greater degree than is obtained with phenyl-8- 
naphthylamine alone. 

It is obvious, then, that the deactivating effect is not peculiar to the zine 
salt of mercaptobenzimidazole. The deactivating effects shown by the com- 
pounds studied must be attributed definitely to the presence of the metals in 
their molecules. If these compounds are considered from the point of view 
of their general constitution: it is obvious that it is the metal atom which 
characterizes and distinguishes these compounds, since the replacement of one 
of these metals by another does not change the nature even of the deactivating 
effect. 
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Fic. 6.—Comparative oxidizability curves of Mixture 1 at the optimum state of vulcanization with 
and without 2 per cent of various agents. 


In oxidation catalysis, whether positive or negative, it is generally agreed 
that combinations of the peroxide of the autoxidizable substance and of the 
catalyst are formed. This applies to the work of Dufraisse on the antioxygenic 
effect, to the work of Dupont® on the autoxidation of abietic acid catalyzed by 
cobalt abietate, and the work of Paquot’ on the autoxidation of olefins catalyzed 
by phthalocyanines. 

As far as the phenomenon of deactivation is concerned, it can therefore be 
assumed that a transitory peroxidic deactivator is formed. This peroxidic 
compound is formed by the intermediary of one of the oxygen atoms of the 
peroxide and the metal atom of the deactivating agent, probably by means of 
the very weak residual valences. This leads to the hypothesis of the catalytic 
carrier of peroxidic oxygen. 

Since deactivating agents and antioxygenic agents have different structures 
in that the former have a metal atom not present in the latter, it is not sur- 
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prising that the catalytic reactions are of two different types: (1) a deactivating 
effect, involving catalytic deactivation of the active peroxide to the stable oxide; 
(2) an antioxygenic effect, involving catalytic dissociation of the active peroxide 
into its elements. 

The two mechanisms take place through the intervention of an intermediate 
unstable compound, which in the first case is a peroxidic deactivator and in the 
second case is a peroxidic antioxygenic agent. 

It has been known for a long time that some accelerators, such as tetra- 
methylthiuram disulfide (Compound I in Table 3), mercaptobenzothiazole 
(Compound II in Table 3), and benzothiazoyl disulfide (Compound III in 
Table 3), impart to vulcanizates good resistance to aging (see Table 3). 


TABLE 3 


ZnO 
(H3;C)2NC—S—-S—CN(CH3)2, ———>_—s— (H3C) 2 NC—S—-Zn—S—CN (CHs3)> 
I I I I 


| | 


s s S S 
(I) (Ia) 
N 
C.H,  ‘CSH 
Si fo ZnO 
Ss N N. 
al CH Ms a a ae, A Now 
eH, -S—Zn—S—C etd, 
N N ‘i, ee ce 
\ as ri s ‘s 
‘ ; 8 ‘ ‘ ‘ "4 \ ‘ ZnO ‘ 
( eH, C—S-—-S—C Cc eH, (IIa) 
‘9% ‘a* 
(IIL) 
N * N x N “ 
ra AY ZnO ; N Pi NY 
Celle oon ——. Ca, C~-8-e-8+0 CH, 
\ a 4 be = ra th - Pas 
NH NH NH 
(IV) (IVa) 


The mechanism of action of these compounds has been studied in recent 
years by various investigators®. 

Even if the mechanism of the action of mercaptobenzothiazole (Compound 
II in Table 3) and of benzothiazoyl disulfide (Compound III in Table 3) is not 
completely understood, the literature is at least in accord in accepting the for- 
mation of zine mercaptobenzothiazolate (Compound Ila in Table 3) by reaction 
with zine oxide in the mixture during vulcanization. In the case of tetra- 
methylthiuram disulfide (Compound I in Table 3), ultraviolet spectrography 
has shown experimentally that this compound reacts with zine oxide, with 
formation of zinc dimethyldithiocarbamate (Compound Ia in Table 3). 

A comparison of the constitutions of Compounds Ia and IIa with the consti- 
tution of zinc mercaptobenzimidazolate (Compound IVa) shows a surprisingly 
close similarity between the constitutions of these compounds. Each of these 
compounds has, in fact, the common group: 
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Accordingly is it not reasonable to explain the good aging properties im- 
parted by these accelerators to rubber by a deactivating power of their trans- 
formation products, since these latter have the same structure as zinc mercapto- 
benzimidazolate itself? 

Unfortunately it is not so easy to prove experimentally whether these 
transformation products are deactivating agents as it is in the case of mercapto- 
benzimidazole. To measure the protective action of a compound, the latter 
is added to a rubber mixture containing no protective agent at all, and the 
aging curves of the vulcanizate containing the agent being tested and of the 
control vulcanizate containing no protective agent are compared. Under 
these conditions, the difference in aging is attributable solely to the agent which 
has been added to the base mixture, provided that this agent does not, by some 
effect on vulcanization, alter too greatly the character of the mixture. For 
example, zine dimethyldithiocarbamate (Compound Ia in Table 3) has con- 
siderable accelerating power, and when it is added to a mixture which already 
contains an accelerator, the total acceleration is changed so much that the 
resulting vulcanizate has mechanical properties very different from those of the 
control vulcanizate. 

This brings up the question, so often discussed, of the boundary between 
accelerating properties and antioxygenic or deactivating properties. Thus 
Bierer and Davis” in a paper entitled ‘‘Are accelerators antioxygenic agents”’ 
point out that numerous accelerators and antioxygenic agents have properties 
incommon. According to these authors, accelerators are agents with a rela- 
tively powerful accelerating function and relatively weak antioxygenic func- 
tion, whereas many antioxygenic agents have, in addition to their relatively 
great inhibitory power, a weak accelerating power. 

When the accelerating power becomes too predominant, it is no longer 
possible to compare the differences in aging of a mixture containing no protec- 
tive agent and a corresponding mixture containing the agent being tested, for 
the latter, in addition to its effect as an antioxygenic agent, changes profoundly 
the character of the mixture. 

Although hypotheses concerning the deactivating power of the transforma- 
tion products of accelerators of the thiuram and thiazole types require experi- 
mental confirmation, they at least show how helpful the concept of deactiva- 
tion is, and how with its aid certain hitherto obscure facts can be explained. 

It is obvious that vulcanization and the inhibitory effect are in many cases 
closely related. A knowledge of the deactivating effect and of the combined 
deactivating and antioxygenic effects opens an interesting prospect into this 
complex and still little understood field of investigation. 


MODE OF ACTION OF A COMBINATION OF AN ANTIOXYGENIC 
AGENT AND DEACTIVATING AGENT 


A Le Bras has pointed out? and as has been shown in the preceding discus- 
sion, it has been proved experimentally that the use of a combination of an 
antioxygenic agent and a deactivating agent makes possible a considerable 
improvement in protection against the deleterious effects of oxygen. 

If the rate of oxidation of a vulcanizate containing a combination of an 
antioxygenic agent and a deactivating agent and the rate of oxidation of a 
corresponding vulcanizate containing the same total percentage of the anti- 
oxygenic agent alone are measured by a Dufraisse manometer, it will be found 
that, when the total percentages are the same as mentioned, the vulcanizate 
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containing the combination of deactivating and antioxygenic agents is less 
readily oxidizable than is the vulcanizate containing only the antioxygenic 
agent. 

: Thus Figure 6, which gives oxidizability curves of a control vulcanizate and 
of three corresponding vulcanizates containing respectively, 2 parts of mercapto- 
benzimidazole, 2 parts of phenyl-8-naphthylamine, and 1 part of mercapto- 
benzimidazole + 1 part of phenyl-8-naphthylamine, shows that the use of this 
combination of mercaptobenzimidazole and phenyl-6-naphthylamine decreases 
the rate of oxidation more than does the antioxygenic agent alone; in other 
words there is an increase in the antioxygenic effect. 


EFFECTS OBTAINED WITH AN ANTIOXYGENIC AGENT 
AND WITH A DEACTIVATING AGENT 
With a view to explaining the mechanism of the action of a combination of 
an antioxygenic agent and a deactivating agent, it seemed of interest to ex- 
amine the effect of this combination on the curve of the tensile strength as a 
function of the proportion of oxygen absorbed. 
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Fic. 7.—Loss in tensile strength as a function of the percentage of oxygen absorbed. Above 0.6 
per cent by weight of absorption, secondary phenomena begin to mask the otherwise very characteristic 
course of the curves. 


The experimental technique has been described in detail by Dufraisse and 
Le Bras". The curves which were obtained are shown in Figure 7. They 
should be regarded as representing primarily the first stages of the reaction 
Np to approximately 0.6 per cent of oxygen absorbed, a point above which 
secondary phenomena enter into play and mask the characteristic trend of the 
curves. 

It is readily seen that with typical antioxygenic agents such as phenyl-§- 
naphthylamine and BLE, the absorption of a given percentage of oxygen 
brings about practically the same deterioration as that of the control vulcani- 
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zate. Actually the only part played by the antioxygenic agent is to catalyze 
the dissociation of the destructive peroxides, and furthermore the oxygen which 
escapes the action of the antioxygenic agent accomplishes its degrading action 
just as in the unprotected vulcanizates. 

On the contrary, in the presence of a deactivating agent like mercaptobenzi- 
midazole, the oxygen which is combined is much less harmful, and the rubber 
can tolerate a higher percentage of absorbed oxygen without undergoing serious 
deterioration. Thus when 0.4 per cent of oxygen was absorbed, the loss in 
tensile strength of the control vulcanizate was about 25 per cent, that of the 
vulcanizate containing BLE, phenyl-§-naphthylamine, or aldol-a-naphthyl- 
amine about 20 per cent, and that of the vulcanizate containing mercapto- 
benzimidazole only about 5 per cent. 

As has already been pointed out, even if an antioxygenic agent impedes in 
some way the combination of oxygen with rubber”, it must still be assumed that 
in the presence of a deactivating agent, oxygen combines with the rubber 
molecule, without accompanying scission. 

In the last few years, Farmer, Bloomfield, Sundralingam and Sutton" and 
Paquot’ have made new and important contributions to the study of the au- 
toxidation of olefins. With respect to the autoxidation of rubber, Farmer 
and his collaborators concluded that, in the initial stage of autoxidation, oxygen 
becomes fixed almost wholly on the a-methylenic carbon atoms, with forma- 
tion of hydroperoxidic groups, leaving the unsaturation practically unaltered. 
Only subsequently, in secondary reactions, do oxidizing scission pheno- 
mena appear, with resulting degradation of the molecule. 

Paquot concluded from his work that the numerous products formed in the 
oxidation of olefins can be explained by the formation of two possible types of 
peroxides: (1) a type with a hydroperoxidic group on the a-methylenic carbon 
atom with respect to the double bond, and (2) a cyclic type formed by satura- 
tion of the double bond. 

In basing his conclusions on the work of Farmer and of Paquot, Le Bras" 
has shown that, theoretically, oxygen can combine in various ways with the 
rubber molecule without accompanying scission, and with formation of various 
derivatives which he designated by the term rubber oxides. 

It can be seen that the introduction of oxygen into the molecule would 
doubtless have appreciable repercussions, but that these would not approach 
the profound degradation resulting from scission. 


THE EFFECT OF THE COMBINED USE OF AN ANTIOXYGENIC AGENT 
AND A DEACTIVATING AGENT 


Let us examine in the same way the combination of antioxygenic agent and 
deactivating agent. The curve of a combination of phenyl-6-naphthylamine 
and mercaptobenzimidazole shows that rubber containing both an antioxygenic 
agent and a deactivating agent can tolerate a little higher percentage of oxygen 
for a given degree of deterioration (percentage loss in tensile strength) than can 
a corresponding vulcanizate containing only the deactivating agent (mercapto- 
benzimidazole). There is, therefore, an increase in the deactivating effect 
with respect to the percentage of oxygen absorbed, in the same way that there 
is an increase in the antioxygenic effect with respect to the rate of absorption. 

The use of a combination of an antioxygenic agent and a deactivating agent 
gives increased protection against aging, which is manifest on the one hand by 
a greater retardation of the oxidizability than is obtained by the antioxygenic 
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agent alone, and on the other hand by the fact that the oxygen which is ab- 
sorbed is less harmful than when the deactivating agent alone is present. 

By examining a little more closely the mode of action of each of these two 
compounds, it is possible to explain the mechanism by which this increased 
protection is obtained®. If the oxidizability curve for the deactivating agent, 
mercaptobenzimidazole, shown in Figure 6 is examined, it will be found that 
this agent has a slight antioxygenic effect, since the oxidizability is a little less 
rapid than that of the control vulcanizate. With a perfect deactivating agent, 
it is evident that the oxidizability should not be reduced. 

Likewise, an examination of the curve for the vulcanizate containing an 
antioxygenic agent in Figure 7 will show that this agent has a light deactivating 
effect, since, for a given percentage of oxygen absorbed, the deterioration is a 
little less than that of the control vulcanizate. Actually, then, each agent 
exhibits a complex of the two mechanisms; and the type to which each agent 
belongs is determined by the mechanism which predominates. 

Accordingly, in the particular case of a combination of phenyl-8-naphthyl- 
amine and mercaptobenzimidazole, it is reasonable to conclude that, as far as 
oxidizability is concerned, the antioxygenic power of phenyl-@-naphthylamine 
is increased by the antioxygenic power of mercaptobenzimidazole. This would 
explain why a combination of phenyl-8-naphthylamine and mercaptobenzi- 
midazole shows an increased antioxygenic effect. 

Likewise, as far as the percentage of oxygen absorbed is concerned, the de- 
activating power of phenyl-@-naphthylamine increases the deactivating power 
of mereaptobenzimidazole, and this involves at the same time an increased 
deactivating effect. 

If these hypotheses are correct, a mixture of two antioxygenic agents ought 
to retard the oxidizability of rubber to a greater degree than does either of the 
two antioxygenic agents functioning separately. In the same way, with a 
mixture of two deactivating agents, it should be possible for a greater percentage 
of oxygen to be absorbed at any state of deterioration than it would be with 
either of the two substances separately. 

In reality, if oxidizability curves are constructed for the base rubber mix- 
ture already described earlier in this paper, to which 2 per cent of phenyl-- 
naphthylamine, 2 per cent of aldol-a-naphthylamine, and 1 per cent of phenyl- 
8-naphthylamine + 1 per cent of aldol-8-naphthylamine, respectively, have 
been added, it will be found that there is an increase in the antioxygenic effect 
in the case of the vulcanizate containing 1 per cent of phenyl-G-naphthylamine 
+ 1 per cent of aldol-a-naphthylamine. 

The same results are obtained with a combination of aldol-a-naphthylamine 
and m-toluylenediamine compared to the effect obtained with each of these 
antioxygenic agents used separately. Moreover, if curves of the loss in tensile 
strength as a function of the percentage of oxygen absorbed are constructed for 
the same base mixture to which have been added: (1) 2 parts of ferric mercapto- 
benzimidazolate; (2) 2 parts of magnesium mercaptobenzimidazolate; and (3) 
1 part of ferric mercaptobenzimidazolate + 1 part of magnesium mercapto- 
benzimidazolate, it will be found that there is an increase in the deactivating 
effect with this last combination. 

Since from a practical point of view, every protective agent functions by a 
combination of the two mechanisms, the use of a combination of an antioxygenic 
agent and a deactivating agent increases not only the resistance of a vulcanizate 
to degradation by oxygen, such as occurs in ordinary artificial accelerated aging 
tests, but also its resistance to other factors which are sometimes involved in 
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deterioration, such as flex-cracking. Accordingly, the addition of mercapto- 
benzimidazole to antioxygenic agents which are effective in retarding flex- 
cracking, ¢.g., phenyl-6-naphthylamine, Neozone-C, and Thermoflex-A, gives 
greater protection than that afforded by any of these agents used alone, 
This extended knowledge obtained by a study of the deactivating effect makes 
it possible for rubber technologists to combat more effectively the harmful 
effects of oxygen. 


REFERENCES 


1 Le Bras, Rev. gén. caoutchouc 21, 3 (1944); RuspBER Cuem. Tecnu. 20, 949 (1947). 

? Le Bras and Viger, Rev. gén. caoutchouc 21, 89 (1944); RusBeER Cuem. Tecnu. 20, 962 (1947). 

3 Jones, Trans. Inst. Rubber Ind. 13, 284 (1937). 

4 Kawoaka, J. Soc. Chem. Ind. Japan 43, 275B (1940). 

* Le Bras and Hildenbrand, Compt. rend. 223, 724 (1946); RusBER Cuem. Tecnu. 20, 427 (1947). 

6 Dupont, Lévy and Allard, Bull. soc. chim. [4] 47, 942 (1930). 

7 Paquot, Thesis, Masson & Cie., 1943, 80 pp. 

§ See, for example, Scott and Sebrell, in ‘‘The Chemistry and Technology of Rubber’’, edited by Davis and 
Blake, New York, 1937, Chap. 9, p. 311. 

9 Jarrijon, Thesis, Institut Francais du Caoutchouc, 1942, 63 pp. 

10 Bierer and Davis, Trans. Inst. Rubber Ind. 3, 161 (1927); RuBpBER Cuem. Tecnu. 1, 146 (1928). 

1 Dufraisse and Le Bras, Caoutchouc & plastiques 2, 37 (1939); RuspBeR Cuem. Tecu. 13, 604 (1940). 

12 See, for example, Dufraisse, in ‘The Chemistry and Technology of Rubber’, edited by Davis and Blake, 
New York 1937, Chap. 13, p. 440. 

13 Farmer, Bloomfield, Sundralingam and Sutton, J’rans. Inst. Ind. 38, 348 (1942). 

14 Le Bras, Rev gén. caoutchouc 21, 243 (1944); RuspBpeR Cuem. Tecnu. 20, 972 (1947). 





a - «s = «sb 


~<- 


~ sph 


yh 








apto- 

flex- 
gives 
lone. 
lakes 
‘mful 


‘is and 


). 
Blake, 








VULCANIZATION OF SYNTHETIC RUBBERS 
BY THE PEACHEY PROCESS * 


NORMAN BEKKEDAAL, FRED A. QUINN, JR., AND 
ELMER W. ZIMMERMAN 


NATIONAL BuREAU OF STANDARDS, WASHINGTON, D.C. 


INTRODUCTION 


The Peachey process, which has been used to vulcanize natural rubber by 
subjecting the rubber alternately to sulfur dioxide and hydrogen sulfide gases’, 
has now been applied to synthetic rubbers. This communication describes 
the results of an investigation initiated recently by McPherson?. The poly- 
mers studied include natural rubber, GR-S (butadiene-styrene copolymer), 
GR-M (polychloroprene rubber similar to Neoprene-GN), GR-I (isobutene- 
isoprene copolymer, or Butyl rubber), GR-A (butadiene-acrylonitrile copoly- 
mer, or nitrile rubber), Hycar OR-15 (similar to GR-A), Hycar OR-25 (lower 
acrylonitrile content than the OR-15), Hycar OS-10 (butadiene-styrene co- 
polymer having a considerably higher styrene content than GR-S), Hycar OS-20 
and Hyear OS-30 (both similar to GR-S with the exception that the OS-20 
contains little or no fatty acid). 


EXPERIMENTAL PROCEDURE 


The rubbers tested were sheeted as thinly as practicable, usually from 0.5 
to 1 mm., by means of a laboratory rubber mill, and strips approximately 1.75 
by 13 em. were cut from the sheets. These strips (usually four to six at a 
time) were placed on a long piece of heavy-gage galvanized wire screening that 
was inserted in a 25-mm. diameter glass tube approximately 1 m. long, each 
end being equipped with a ground-glass joint. A triple inlet tube was connected 
to one end so that the gases, sulfur dioxide, air, and hydrogen sulfide, could be 
admitted separately. <A single outlet tube at the opposite end led the unab- 
sorbed gases first through a 20 per cent solution of sodium hydroxide, then 
through a saturated solution of bromine in water, and finally through a dilute 
solution of sodium hydroxide to trap any of the remaining gases, including 
bromine vapors. 

Except for the initial series of tests, which are discussed later, all of the test 
strips were exposed to the vulcanizing gases for 5-minute cycles, the number of 
cycles being varied from one to as many as 128 in an effort to determine the 
conditions for optimum cure for each of the various synthetics tested. A 
single cycle consisted of a 5-minute exposure to sulfur dioxide, a brisk 10- 
second sweep of air to remove the sulfur dioxide gas not absorbed by the samples, 
and a 5-minute exposure to hydrogen sulfide, followed by another brisk sweep 
of air. 

* Reprinted from the Journal of Research of the National Bureau of Standards, Vol. 40, No. 1, pages 1-7, 


January 1948, This paper was presented before the Division of Rubber Chemistry at the 112th Meeting 
of the American Chemical Society, New York, September 15-19, 1947. 
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In all of the experiments a separate set of samples was used for each of the 
various numbers of cycles indicated, 7.e., one set of samples was inserted into 
the tube, exposed for one cycle, and removed; a different set was exposed for 
two cycles and removed, etc., until all the desired number of cycles were com- 
pleted. The samples were then placed in a vacuum oven at room temperature 
for 3 hours to remove all uncombined gases and also the water vapor that is 
formed in the vulcanizing reaction, and were then weighed to determine the 
weight increase, which was assumed to be caused by the added sulfur. 

The extent of cure of each strip was qualitatively evaluated by hand stretch- 
ing. Some of the samples from each run were then quantitatively analyzed 
to determine how much sulfur had actually combined with the polymer. The 
difference between the percentage increase in weight, and the combined sulfur 
was assumed to be free sulfur. Chemical analyses on a number of the samples 
for free sulfur indicated this assumption to be correct. 


RESULTS OF EXPERIMENTS 


Before beginning the actual vulcanization studies, strips of each of the 
rubbers to be tested were submitted to a 16-hour exposure to sulfur dioxide 
gas; another set of samples was similarly exposed to hydrogen sulfide gas for 
the same length of time. The average increase in weight during this treatment 
was 0.2 per cent, indicating that there was very little, if any, chemical addition 
of the gases to the rubber. 

An initial series of tests was made to determine the most practical period of 
exposure of the rubber to each of the two gases. Natural rubber was used for 
this determination. In addition to the pure ribbed smoked sheet, three batches 
of smoked sheet containing various combinations of fillers and accelerators 
(see Table 1) were exposed to determine whether or not these combinations 


TABLE 1 
‘ enn - ~ ‘a 2 
COMPOUNDING FORMULAS 


Ingredients A B e D 
Ribbed smoked sheet 100.0 100.0 100.0 100.0 
Zinc oxide 6.0 6.0 6.0 
Stearic acid a 0.5 0.5 0.5 
Mercaptobenzothiazole 5 5 
Zine dimethyldithiocarbamate — — 05 


would cause a change in the rate of vulcanization. Single cycles of 1.25, 2.5, 
5, 10, and 20 minutes, respectively, were run. A study of the curve of the 
percentage increase in weight plotted against the duration of the cycle (Figure 
1) shows that the longer times of exposure to the gases in a given cycle vulcanize 
a sample of rubber in a smaller number of cycles, but that the sulfur can be 
added in less total time using shorter cycles. Extremely short cycles, however, 
waste vulcanizing gases and also do not give time for the gases to penetrate 
into the interior of the rubber samples. As a compromise it was decided to 
use 5-minute cycles for the experiments to be described here. The numerical 
values for these tests are given in Table 2. It will be noted that compounds 
B, C, and D effected a significantly greater absorption of sulfur than A (rubber 
alone), but that C and D produced no noticeable advantage over B. From 
the results of a repetition of this test, in which the samples were placed in 
reverse order in the tube, changing in effect the direction of flow of the gases 
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Fic, 1.—Increase in weight of samples of compounded natural rubber plotted as a function of 
the time of exposure to sulfur dioxide and to hydrogen sulfide for one cycle of operation. 


The letters representing the curves refer to the compounding formulas given in Table 1. Data from 
which these curves were prepared are given in Table 2. 


with respect to the samples, it has been shown that the position of the sample 
in the reaction tube does not affect the percentage increase in weight. 

In Table 3 are summarized the data obtained from all the synthetic rubbers 
and natural rubber studied. The increase in weight is based on the weight of 
the original sample. The combined sulfur is also computed on this basis, and 
therefore represents the parts of combined sulfur per hundred parts of original 
polymer. The extent of cure was estimated by hand stretching the individual 
specimens and observing the rate and degree of recovery. It is believed that 
the optimum cure, as indicated for each type of rubber, represents the vulcani- 
zate that has the highest tensile strength. 

Figures 2 and 3 show in graphical form the data obtained from the butadiene- 
type polymers. All these rubbers were run simultaneously. The solid lines 
indicate the amount of combined sulfur, and the broken lines represent the total 
sulfur. Figure 4 shows similar results for GR-I and GR-M synthetic rubbers. 
These polymers were run separately from the others because of their extremely 


TABLE 2 
VULCANIZATION FOR ONE CYCLE 


Weight increases 
— 





Duration 
Type of of cycle A* Bt Ce D* 
polymer (min.) (per cent) (per cent) (per cent) (per cent) 
1.25 0.90 1.10 1.10 1.14 
2.5 1.47 1.76 1.88 1.97 
Natural 5 2.44 3.02 3.14 3.15 
10 3.34 4.02 4.13 4.10 
20 3.99 4.66 4.82 4.75 


* For compounding formulas, see Table 1. 
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TABLE 3 
VULCANIZATIONS FOR VARIOUS NUMBERS OF CYCLES 
Weight 
Number increase Combined 
Type of polymer of cycles (per cent) sulfur* Extent of curet 
0 0 0.11 None 
] 56 Extremely slight cure 
2 1.43 .68 Slight cure 
GR-S + 4 1.57 9 Undercure 
8 4.30 3.08 Good cure (optimum) 
16 14.47 8.83 Overcure 
L 32 22.77 14.77 Leathery cure 
0 0 0 None 
l 7) Slight cure 
2 99 79 Undercure 
GR-A + 4 1.22 1.10 Fairly good cure 
8 2.65 1.14 Tight cure (optimum) 
16 4.27 Overcure 
L 32 6.05 2.84 Leathery cure 
0 0 0 None 
4 1.30 84 Fairly good cure 
Hycar OR-15 8 2.52 1.37 Tight cure (optimum) 
16 4.50 1.64 Overcure 
32 6.03 2.05 Leathery cure 
0 0 0 None 
| l 1.15 Slight cure 
2 1.48 86 Undercure 
Hycar OR-25 4 1.90 1.28 Fairly good cure 
8 3.58 2.55 Tight cure (optimum) 
16 6.39 Overcure 
32 8.98 5.34 Leathery cure 
( O 0 0.20 None 
0.38 26 Slight cure 
| 2 .64 4 Undercure 
Hycar OS-10 4 96 1.24 Fairly good cure 
8 1.93 Tight cure (optimum) 
16 4.52 5.19 Overcure 
L 32 7.55 - Leathery cure 
r 0 0 0.30 None 
] 1.09 Slight cure 
2 2.14 1.21 Good cure (optimum) 
Hycar OS-20 + 4 3.49 2.29 Slightly overcured 
8 7.73 5.32 Overcure 
16 13.61 8.85 Leathery cure 
32 20.32 12.81] Leathery cure 
r 6—0 0 0.10 None 
1 0.69 Slight cure 
2 1.29 0.66 Undercured 
Hyecar OS-30 + 4 1.73 1.17 Good cure (optimum) 
8 5.21 3.58 Overcure ; 
16 11.74 - Leathery cure 
| 32 21.29 13.45 Leathery cure 


* Based on parts per hundred parts of polymer. 
+ Estimated by hand stretching. 
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TABLE 3—Continued 








Weight 
Number increase Combined 
Type of polymer of cycles (per cent) sulfur* Extent of curet 
0 0 0.46 None 
| 0.31 —- No noticeable cure 
y 75 - No noticeable cure 
4 1.41 = No noticeable cure 
8 2.65 — No noticeable cure 
GR-M « 12 3.97 _—- No noticeable cure 
16 §.17 0.12 No noticeable cure 
24 7.69 a No noticeable cure 
32 10.44 3.57 No noticeable cure 
64 14.63 7.18 Some cure noticeable 
128 27.55 15.64 Slight undercure 
0 0 0 None 
1 0.13 -- No noticeable cure 
2 24 — No noticeable cure 
4 .39 0.10 No noticeable cure 
9 OD oo No noticeable cure 
GR-I 4 12 1.19 = Slight cure 
16 1.23 0.12 Slight cure 
24 ae — Undercure 
32 2.13 0.22 Undercure 
64 2.45 51 Slight undercure 
128 5.30 1.12 Good cure (optimum) 
0 0 0 None 
1 1.22 0.64 Appreciable cure 
2 3.52 2.31 Good cure (optimum) 
a | 3 6.60 4.55 Slight overcure 
ate | 4 6.95 4.78 Overcure 
| 6 9.98 7.20 Greatly overcured 
12 11.79 7.76 Leathery cure 
24 12.98 8.83 Leathery cure 


low rates of curing. The results obtained from vulcanizing natural rubber are 
shown on this same graph for comparison. 

A confirmatory experiment was performed in which natural rubber and all 
the synthetic polymers, with the exception of GR-I and GR-M, were vulcanized 
simultaneously for 4, 8, 16, and 32 cycles, respectively. The increases in 


TABLE 4 


Optimum CuRES FROM TABLE 3 


Cycles for Weight Combined 

optimum increases sulfur* 
Type of polymer cure (percentage) (percentage) 
Natural 2 3.52 2.31 
GR-A 8 2.65 1.14 
Hycar OR-15 8 2.52 1.37 
Hycar OR-25 8 3.58 2.55 
Hycar OS-10 8 1.93 1.24 
Hycar OS-20 2 2.14 1.21 
Hycar OS-30 4 1.73 1.17 
GR- 8 4.30 3.08 
GR-I 128 5.30 Lig 
GR-M >128 > 27.55 > 15.64 


* Based on parts per hundred parts of polymer. 
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weight agreed so closely with those obtained in the previous runs that it was 
thought unnecessary to run chemical analyses for the amount of combined 
sulfur or to tabulate the additional data. 

As a matter of interest, the vulcanized pure ribbed smoked-sheet specimens 
described in Table 2 were subjected to two physical tests, namely, stress at 
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Fig. 2.—Percentage of sulfur added to GR-S, GR-A, Hycar OR-15, and Hycar OR-25 rubber samples 
plotted as a function of the number of 5-minute cycles of exposure to the gases of the Peachey process. 


_ .. The solid lines indicate combined sulfur as determined by chemical analysis, and the broken lines 
indicate the total sulfur as determined by weight increase of the sample. 
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Fic. 3.—Percentage of sulfur added to Hycar OS-10, Hycar OS-20, and Hycar OS-30 rubber samples 
plotted as a function of the number of 5-minute cycles of exposure to the gases of the Peachey process. 


; The solid lines indicate combined sulfur as determined by chemical analysis, and the broken lines 
indicate the total sulfur as determined by weight increase of the sample. 


15 kg. per sq. cm. (213 lbs. per sq. in.) and permanent set. Hach group of 
similar degrees of vulcanization (1.25, 2.5, 5, 10, and 20 minutes) contained 
four strips, two of which had been cut longitudinal to the direction of passage of 
the rubber between the mixing rolls of the mill and two of which were cut 
transverse to the direction of milling. After determining the cross-sectional 
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Fic. 4.—Percentage of sulfur added to GR-M, GR-I, and natural rubber samples plotted as a function of 
the number of 5-minute cycles of exposure to the gases of the Peachey process. 


The solid lines indicate combined sulfur as determined by chemical analysis, and the broken lines 
indicate the total sulfur as determined by weight increase of the sample. 


urea of each strip, the proper-sized dead weight was hung on the strip and the 
elongation between two gage marks was measured at the end of 1 minute. 
The weight was then allowed to continue hanging on the sample for an addi- 
tional 4 minutes, after which time it was removed and the sample allowed to 
relax for 1 minute. The distance between the gage marks was again measured, 
and from this figure the permanent set was calculated. The results of these 
physical tests are summarized in Table 5 and shown graphically in Figure 5. 


TABLE 5 


kikrFECT OF DIRECTION OF MILLING ON STRESS AND SET 





Elongation Permanent set 
f. 
Length Weight Longi- Trans- Si Longi- Trans- 
of cycles increase tudinal verse tudinal verse 
Type of polymer (min.) (per cent) (per cent) (per cent) (per cent) (per cent) 
( 1.25 1.16 135 203 4.8 8.8 
| 2.5 1.97 122 151 3.2 5.6 
Natural 1 5 3.18 98 121 1.6 4.8 
/10 3.86 88 104 1.6 4.8 
(20 4.29 80 96 1.6 4.8 


Another interesting conclusion may be drawn from the results. The amount 
of combined sulfur in the optimum cures for natural rubber and for all of the 
synthetics, with the exception of GR-M, is between 1 and 3 per cent (see Table 
4). This agrees very well with Peachey’s conclusion that an optimum cure is 
attained in natural rubber by his process when a coefficient of vulcanization of 
2.0 to 2.5 is attained’. The natural rubber and all the synthetic rubbers in- 
vestigated, with the exception of GR-I and GR-M, were also vulcanized to a 
leathery state, and to vulcanizing coefficients as high as 3 to 15. At these 
higher degrees of vulcanization there was a large amount of free sulfur deposited 
on the surface of the rubber. No attempt was made to continue toward a 
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Fic. 5.—Elongation at stress of 15 o. per sq. em. (213 lbs. per sq. in.) 
for natural rubber samples under different degrees of cure. 


_ For some of the samples the stresses were measured longitudinally and others transversely to the direc- 
tion of passage between the mixing rolls. 


higher degree of vulcanization. Reiner‘, however, did continue the reaction 
further and claims that hard rubber can be produced from natural rubber by 
this process. 

DISCUSSION OF RESULTS 


As only about 0.2 per cent weight increase was effected by either of the 
Peachey process gases alone, it is clearly indicated that there are no appreciable 
side reactions whereby one gas might act independently of the other to cause 
any significant increase in weight in the rubber. Therefore it is reasonably 
certain that any appreciable increase in weight on the dry basis is caused by a 
combination of nascent sulfur, released by the interaction of the two gases 
within the specimen, with the unsaturated bonds of the rubber, plus any free 
sulfur that the sample is able to hold in solution or as a deposit on the surface. 
This reaction of the gases within the rubber samples, in addition to forming 
nascent sulfur, also produces water. Although it is possible that the quantity 
of moisture present in the samples or in the gases may have an effect on the 
rate of the vulcanizing reaction®, no attempt was made to measure this amount, 
because all the samples were subjected to the same general conditions that 
should produce comparative results. 

It is interesting to note that, in the initial series of tests on natural rubber, 
as can be seen in Figure 1, a greater quantity of sulfur was taken up when 
the rubber had been compounded with zinc oxide and stearic acid, but that no 
further significant addition of sulfur was noted when an accelerator (mercapto- 
benzothiazole) and an ultra-accelerator (zinc dimethyldithiocarbamate) were 
added. Several possible explanations may be suggested. The zine oxide and 
the stearic acid may supply an accelerating effect that causes more sulfur to 
combine with the rubber in a given length of time, in effect speeding up the 
rate of curing. It may also be that the sulfur is merely displacing the oxygen 
of the zine oxide to form zinc sulfide, which could readily account for the addi- 
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tional increase in weight. Peachey® believes that compounded rubber absorbs 
gases more readily than pure rubber. As this phase was not of primary in- 
terest to this investigation, this problem was not probed deeply enough to 
ascertain the correct explanation. However, it is felt that these particular 
accelerators apparently had little or no influence on the amount of the sulfur 
added. Reiner’, on the other hand, claims that certain organic accelerators 
speed up the reaction. Whether or not he too used a metallic oxide along with 
the accelerator, as is customary for hot curing, and mistakenly attributed the 
increase in rate of the sulfur solely to the presence of the accelerator is not 
known. 

In some of the preliminary runs, it was noticed that there were variations 
in the amounts of sulfur taken up by the same polymer for a similar number of 
cycles in different series of runs. In these early runs the polymers may not 
have been sheeted as uniformly in thickness as in the laterruns. As has already 
been mentioned, the amount of moisture present in the polymer may also have 
affected the rate of curing. However, this phase of the problem was not 
studied further, as the sole purpose of this investigation was merely to learn 
whether or not synthetic rubbers could be vulcanized by this method. 

It shoud be pointed out that Hycar OS-20 and Hycar OS-30 cured at ap- 
proximately the same rate, showing that the presence or absence of fat acids 
in the butadiene-styrene type polymers is immaterial as far as the vulcanizing 
process is concerned (see Figure 3). Hycar OS-10, having a higher styrene 
content than Hycar OS-20, Hyecar OS-30, or GR-S, must have fewer double 
bonds, and consequently vulcanizes at a slower rate. GR-A and Hycar OR-15 
were so similar in their rates of curing that the data had to be plotted as one 
and the same curve (see Figure 2). Hycar OR-25 has a lower acrylonitrile 
content than Hycar OR-15 and GR-A, and therefore, because of the larger 
number of double bonds, vulcanizes at a greater rate. 

After a large number of cycles GR-I had taken up very little combined 
sulfur, probably because of the presence of relatively few double bonds in this 
polymer. This may explain why so much time is required for a good cure. 
The vulcanization of GR-M, which normally is vulcanized by the use of metallic 
oxides rather than of sulfur, also behaves differently in the Peachey process. 
Much sulfur was taken up by the GR-M, and even combined chemically with 
it, but an undercure was still obtained when over 15 per cent of sulfur had 
combined. 

By vuleanizing strips of rubber by the Peachey process, it was possible to 
show a very striking illustration of the influence that the direction of milling 
has on certain physical properties of the vulcanizate. Table 5 and Figure 5 
show that all the specimens cut transverse to the direction of passage of the 
rubber between the mill rolls have a substantially higher degree of elongation 
and permanent set than those cut longitudinal to the direction of milling when 
subjected to the same relative stress. The shearing action produced by the 
difference in speeds of the two rolls of the mill partially stretches and aligns the 
molecules of the rubber. The specimens that are cut and vulcanized in the 
same direction as the partially elongated chains naturally do not stretch so 
much as those cut at right angles to the already stretched configurations 
under the same force. 

These same conclusions are drawn from some unpublished experiments 
performed several years ago by W. H. Smith and F. L. Roth of the National 
Bureau of Standards. They stretched a wide flat strip of raw rubber and 
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vulcanized it while in the elongated state by the sulfur chloride method. 
Dumbbell specimens were cut from this vulcanized strip, both in the direction 
of stretching and also at right angles to it. The specimens cut transverse to 
the direction of original stretch were softer and showed considerably greater 
ultimate elongation and tensile strength. 


SUMMARY 


The Peachey process, which vulcanizes natural rubber by subjecting it 
alternately to sulfur dioxide and hydrogen sulfide gases, has been found to 
vulcanize the more common synthetic rubbers. The polymer studies were 
natural rubber, GR-S, GR-M, GR-I, GR-A, Hycar OR-15, Hycar OR-25, 
Hycar OS-10, Hycar OS-20, and Hycar OS-30. Good cures were obtained 
with all of the polymers except GR-M. None of the synthetic rubbers cured 
any faster than natural rubber. The nitrile and the styrene copolymers of 
butadiene cured at about the same rate or somewhat slower. GR-I required 
roughly 50 times as long as natural rubber for an equivalent cure, and GR-M 
required even longer. 
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PURIFIED NATURAL RUBBERS. MECHANICAL 
AGING, HYGROSCOPIC, AND ELECTRICAL 
PROPERTIES OF THE VULCANIZATE * 


NJ tf hd bl 
J. R. Scort 
RESEARCH ASSOCIATION OF BRITISH RUBBER MANUFACTURERS, CROYDON, ENGLAND 


INTRODUCTION 


The fact that the nonrubber components of crude rubber, especially those of 
a hygroscopic nature, impair the electrical properties of the vulcanizate has 
long been known, and the preparation of deproteinized or otherwise purified 
rubbers for use in electrical insulation had reached the commercial stage before 
the 1939-1945 war. With the rehabilitation of the plantation industry, the 
question of what special types of natural rubber should be prepared and mark- 
eted has become important, and purified rubbers represent one type that 
merits careful consideration. 

Published data on the electrical properties of purified rubbers, both before 
and after vulcanization!, relate entirely to types prepared from solid rubber 
(crepe or sheet) or ammonia-preserved latex in the consuming country, and 
there is no published record of experiments on rubber purified during its 
preparation on the plantation. In 1935 the R.A.B.R.M. began investigations 
on the use of purified rubbers of the latter type in making electrical ebonite; 
the results will shortly be published. Examination of soft vuleanizates was 
began in 1937, but war conditions made it necessary to discontinue the work, 
for which reason the electrical results are less complete and conclusive than 
could have been wished. Nevertheless, it is hoped that the results obtained 
will be of value to the rubber manufacturing and plantation industries. 

Another use of purified rubbers is in the manufacture of transparent articles 
that come in contact with water or aqueous solutions. Transparent vulcani- 
zates made from ordinary raw rubber quickly become white and opaque owing 
to absorption of water, but it would be expected that the use of purified rubber 
would remove or lessen this defect. This point has accordingly been examined. 

The thanks of this Association are due to the London Advisory Committee 
for Rubber Research (Ceylon and Malaya) for arranging for the preparation 
of special purified rubbers, in Ceylon and Malaya, and for examining the water 
absorption of the unvulcanized rubbers. 


PLAN OF INVESTIGATION 
Six purified rubbers were examined: 


(1) Goodyear; Sample No. 1, obtained in 1937. According to the relevant 
patent?, latex is heated with alkali, e.g., caustic soda at 60° C, to decompose 
and solubilize the protein; it is then concentrated by repeated centrifuging or 








* Reprinted from the Journal of Rubber Research, Vol. 17, No. 3, pages 48-60, March 1948. 
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creaming, and the final concentrate is diluted, e.g., to 1 per cent dry-rubber 
content and coagulated, the coagulum being washed and dried as usual. 

(2) Goodyear; Sample No. 2, commercial product (1940). 

(3) Sample A4633, from Proefstation West Java, Buitenzorg. Probably 
made by repeated dilution and concentration, e.g., centrifuging or creaming, 
of the latex. 

(4) Sample LAC 81, an experimental rubber prepared in Malaya by treat- 
ing ammoniated latex with a proteolytic enzyme and activator, centrifuging, 
and coagulating at a low dry-rubber content. 

(5) Sample LAC 82, similar to LAC 81, but prepared with a more active 
proteolytic enzyme. 

(6) Sample PR 95, an experimental rubber prepared in Ceylon by twice 
creaming the latex, and coagulating at 10 per cent dry-rubber content. This 
material was submitted as representative of what could at that time be pro- 
duced in Ceylon at short notice if a demand arose, as little special equipment is 
required. 


Samples (1), (2), (4), and (5) are truly deproteinized, since the protein is 
more or less completely removed by hydrolysis or enzyme action, while the 
treatments used for (3) and (6) eliminate only the water-soluble impurities 
and (to some extent) those concentrated at the rubber particle surface, since 
the treatments remove the smallest particles from the latex. Data obtained 
by the London Advisory Committee for Rubber Research for nitrogen content 
and water absorption are included in Table 2. 

In the experiments described below, smoked sheet, previously washed and 
dired, and first-latex pale crepe were included as normal types of rubber. 
The following properties of the vulcanizates were studied: (1) mechanical 
properties; (2) aging, accelerated and natural; (3) water absorption; (4) in- 
fluence of water immersion on the appearance of a transparent vulcanizate; 
(5) permittivity and power factor, before and after immersion in water; (6) 
volume resistivity, before and after immersion in water. 

Four types of mix were used, compositions being as given below: (1) a pure 
mix A, for examining properties (1) and (2); (2) transparent mixes, for proper- 
ties (1), (3), and (4); (3) a cable insulation mix E, for properties (1), (2), (3), 
and (5); (4) a modified cable mix F, for properties (1), (3), (5), and (6). In 
this last mix the zinc oxide was reduced and a thiuram disulfide used as the 
vulcanizing agent to minimize dielectric power loss, as this increases with in- 
creasing combined sulfur content*. This was done because mix E showed little 





DPG Transparent Cable 
mix - A ——— 
A B Cc Dd a Dy F 
Rubber 100 100 100 100 100 100 
Sulfur 3.7 2.0 2.0 2.0 3.0 
French chalk — — — — 55 55 
Zine oxide 
Ordinary 5 — — “= 10 5 
Colloidal — 0.5 0.5 0.5 — — 
Stearic acid 1 0.5 1.0 1.5 2.0 1.0 
Paraffin wax — 1.5 3.0 


Butyl Zimate 0.5 0.5 0.5 = 
Mercaptobenzothiazole — = — 


Diphenylguanidine 0.75 =e a " ask = 
Tetramethylthiuram disulfide a 
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reduction in power loss by the use of the purified rubbers, possibly because 
vulcanization and compounding had masked any improvement due to purifica- 
tion. 
The first experiments, using mixes A to E, were made when only the Good- 
year (Sample No. 1) and A4633 rubbers were available. When LAC 81, 


i Breaking Elongation 
Optimum : 77 
Vulconising Time Elongation at SOkg/cm 


mins kg Jor ' 


*h { 
so- |! 2077 | 600 
“tie ff (i 
oOPG 
mix 207 100~ 
a 200 
0 0 0 


! 1s0- aiared 
sof | rT | 800-4 
30- 100- 600- 
Tronsporent 
Mix 20- 400 - 
10- ™ 200- 
0 


fy LJ ott is 
| 


Tensile Strength 










































































































































































wt n 150+ — | 
Coble 304 1004 i 400 - yj 
Mix 20- /; 
E 10- 50- 2007 
0 0 0 U/ 
' ! | 
| I | 
o « {I - Th ny, 
30 100- | 
Coble 400 
“s 20 
- 50- 200 
07 0 0 
CS A®8I82G CS ABI 82G CS AS BI82G 





Fia. 1A.—Mechanical properties of vuleanizates. Ordinary rubbers: C = crepe; S = washed smoked 
sheet. Purified by centrifuging or creaming: A = A4633; 95 = PR95. Deproteinized: 81 = LAC 81; 
82 = LAC 82; G = Goodyear. 
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Fie. 1B.— Mechanical properties of vulcanizates. 
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LAC 82, and PR 95 became available the investigation was extended, using 
mix F, and including new lots of Goodyear rubber, smoked sheet, and crepe. 


PREPARATION AND MECHANICAL TESTING OF THE VULCANIZATES 


All mixes were made on a 12 X 6-inch mill and press-vulcanized in molds 
as sheets 0.2, 0.1, or 0.02 inch thick for the mechanical, power factor and per- 
mnittivity, and resistivity tests, respectively. 

Tensile and permanent set tests were made on ring specimens, by the stand- 
ard procedure* except that set was determined by stretching to 400 per cent 
elongation (DPG and transparent mixes) or 200 per cent elongation (cable 
mixes) for 15 minutes, and allowing to recover for 60 minutes. 

Results for the range of vulcanizates made from each mix are given in 
Tables 4 and 5. To facilitate comparison of the rubbers, the optimum period 
of vuleanization and the corresponding mechanical properties are shown as bar 
graphs in Figures 1A and 1B. 


VULCANIZING PROPERTIES AND TRANSPARENCY OF 
VULCANIZATES OF MIXES B-D 

The Goodyear rubber did not vulcanize properly in mix B. Mix C, con- 
tuining more stearic acid, gave fairly good rest results (see Table 4 and Figures 
1A and 1B), and the vulcanizates were transparent. Rubber A4633, however, 
did not give a transparent vulcanizate even in mix C, and so was tried with still 
more stearic acid (mix D), which improved the transparency but did not make 
it equal to the Goodyear vulcanizate in this respect. 

It thus appears that the processes used in making these purified rubbers 
may remove some or all of the natural fat acids, a point which must be taken 
into account when designing mixes. 


MECHANICAL PROPERTIES 


The purified rubber mixes do not usually retain a high tensile strength over 
so wide a range of vuleanizing periods as do the ordinary rubber mixes; thus, 
the drop in tensile strength for a given percentage change above or below the 
optimum period is (on the average) almost twice as great with the purified 
rubbers as with the smoked sheet and crepe. In using purified rubbers extra 
care may, therefore, be needed to ensure vulcanizing conditions being correct. 

The four mixes in the DPG series have similar physical properties, except 
that the two deproteinized rubbers give lower permanent sets (see Figures 1A 
and 1B). 

In the transparent and cable mixes, Goodyear rubber generally gives rela- 
tively weak, soft, and stretchy vulcanizates, a feature shown in a lesser degree 
by A4633 also. In the cable (F) mix the three experimental purified rubbers 
(LAC 81, LAC 82, and PR 95) compare favorably with smoked sheet and crepe, 
the tensile strengths being particularly good, and only slightly softer and more 
extensible than those of smoked sheet. Published data® have generally shown 
purified rubber to give similar mechanical properties to normal rubber, but the 
accelerator used is not always stated. 

The purified rubbers thus show inferiority only (and then not always) in 
presence of accelerators which are activated by fat acids (mercaptobenzo- 
thiazole, Butyl Zimate, and tetramethylthiuram disulfide) and not in presence 
of diphenylguanidine, which is not thus activated. This suggests that the 
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inferiority shown by the Goodyear and A4633 rubbers is due to lack of fat 
acids, a conclusion in keeping with the observations above. The present results 
do not entirely bear out the statement® that “deproteinized rubber vulcanizes 
normally with organic accelerators’’. 

The tendency of purified rubber to give low permanent set is again seen in 
the cable mixes, although here it could often be ascribed to the vulecanizates 
being less stiff than those made from the ordinary rubbers. The lower set of 
purified rubbers observed definitely in the DPG mixes, and less clearly in the 
cable mixes, agrees with previous observations’, that the serum substances in 
whole-latex rubber increase the set. It would be interesting to examine more 
closely the effect of nonrubber components on set, since it might lead to the 
production of vulcanizates with especially low set. 

The Goodyear rubber vulcanizates in the DPG series give stress-strain 
curves with an unusually low slope at the upper end. The slope, expressed as 
the difference between elongations at 50 and 100 kg. per sq. em., is shown below 
for the 2nd—5th vulcanizates of each mix (Ist vulcanizate omitted because it 
differs widely from the rest). 


Vulcanization Smoked sheet Crepe Goodyear A4633 
20 min. 93 94 83 90 
30 min. 95 83 77 85 
40 min. 97 87 70 90 
50 min. 98 85 78 90 
Mean* 95.8 87.3 77 88.8 


* Standard error approximately 2.1. 


A similar feature is shown by LAC 81 in the cable (F) series, but is not evi- 
dent in the other purified rubber mixes. It is significant that crepe, which is a 
purer rubber than smoked sheet, gives vulcanizates with a lower slope’; 
there is thus evidence that removing the nonrubber substances reduces the 
slope. 


AGING 


In the Geer oven the purified rubbers have not aged so well as the smoked 
sheet and crepe (Table 6). The relative extents of deterioration are better 
shown by the percentage loss figures in the upper part of Table 1. 


TABLE 1 
PERCENTAGE Loss IN TENSILE STRENGTH AND BREAKING ELONGATION DURING AGING 
(DPG Mrxss): (1) at Optimum VULCANIZATION; (2) AT 
2/3 or THE OptimuM VULCANIZING PERIOD 


Tensile Breaking 
strength elongation 
Pa te 
Aging Rubber (a) (b) (a) (b) 
Geer (7 days) Smoked sheet 35 20 24 13 
Crepe 34 24 19 15 
Goodyear >75 45 60 21 
Geer (10 days) Smoked sheet 70 30 47 14 
A4633 93 66 70 31 
Natural (28 months) Smoked sheet 35 - 23 . 
Crepe 55 0 35 ij 
Goodyear 91 85 60 40 


* Increased during aging. 
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Table 7 gives results for specimens kept for 28 months in envelopes in an 
unheated room. Those for the DPG mixes, summarized in the lower part of 
Table 1, confirm the Geer tests in showing the Goodyear rubber to have in- 
ferior aging properties in this mix. In the cable mix there is no evidence of 
inferior aging; comparison of the mix E data in Tables 4 and 7 shows that in 
each of the mixings the last two or three vulcanizates have decreased a little 
in tensile strength during aging, but the decrease is no greater with the Good- 
year rubber. 

Thus, in a merecaptobenzothiazole mix, which is known to show good aging, 
the inferiority in age-resistance of the purified rubber does not become evident 
during 28 months’ normal storage. In a mix such as the present DPG mix, 
which has not intrinsically good aging properties, the inferiority of the purified 
rubbers may be very serious. These results agree with the conclusion®, that if 
an antioxidant is used in the mix, deproteinized rubber ages normally. 


WATER ABSORPTION 
Tests were made by two methods: 


(1) Vapor method: the finely rasped rubber is exposed to air of 97 per cent 
relative humidity at 25° C®. This gives the equilibrium absorption, 
and so simulates the effect of long exposure to humid conditions, 

(2) Immersion method: a dise of the rubber 45 mm. diameter and 5 mm. 
thick is immersed in distilled water at 25° C and weighed periodi- 
cally, up to about 50 days, to determine the absorption. The 
results indicate the initial rate of absorption, and so supplement the 
results of the vapor method. 


In the vapor method, after the initial rapid rise, the sample continued 
to gain in weight at a slow constant rate, an effect analogous to the increment 
observed during swelling in organic liquids’. The results have therefore been 
calculated (1) by extrapolating the upper (straight) part of the time-weight 
curve back to the weight axis, so as to eliminate the increment, and using the 
weight so obtained to calculate the absorption (initial absorption), and (2) by 
drying the sample, after about 25 days’ exposure at 97 per cent relative humid- 
ity, and taking the loss in weight as the amount of water absorbed (final ab- 
sorption) ; this is similar to the British Standard procedure !° for tests on raw 
rubber. 

In the immersion tests, the absorption was proportional to the square root 
of the immersion period, and results are therefore expressed as the mean value 
of A/Nt, where A = absorption (%), and ¢ = time (in days). 

Results are shown in Figure 2 for the optimum vulcanizates of the trans- 
parent and cable (2) mixes and the 30-minute vulcanizates of the F mixes. 

The three methods of measuring water absorption arrange the rubbers in 
much the same order. Thus, with the transparent and cable (E) mixes, the 
order of increasing absorption is almost always: Goodyear, A4633, smoked 
sheet, crepe. Similarly, in the cable (F) series the general order is: LAC 82, 
Goodyear, LAC 81, PR 95, smoked sheet and crepe (equal). The fact that in 
the first set of experiments smoked sheet was better than crepe is presumably 
due to washed smoked sheet having been used. 

Taking the mean absorption for sheet and crepe as unity, the figures for the 
other rubbers are shown in the second column of Table 2. 
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TABLE 2 
WaTER ABSORPTION AND NITROGEN CONTENT 
Water absorption 


of raw rubber 
Aw ~ Nitrogen content 





Water absorption (2) (3) of raw rubber 

of vulcanizate (1) (mg./sq. in.) (%) (%) 
Goodyear 0.2 to 0.45, mean 0.34 2.8 0.09 — 
LAC 82 0.3 to 0.45, mean 0,35 -- 0.31 _- 
LAC 81 0.35 to 0.45, mean 0.39 5.0 0.24 _ 
PR 95 0.5 to 0.8, mean 0.65 6.7 0.43 0.15 
A4633 0.45 to 1.0, mean 0.75 8.7 = 0.20 
Smoked sheet and crepe (1.0) c. 20 ec. 1.0 0.3 to 0.5 


(1) Relative to mean for smoked sheet and crepe as unity. 
(2) Surface absorption by molded sheet after 20 hours in water at 70° C. 
(3) Equilibrium absorption from air at 84% relative humidity and 25° C9, 


Comparison with the results for the raw rubbers (third column) shows that, 
in both the raw and vulcanized states, Goodyear rubber is the least absorbent, 
followed in order of increasing absorption by LAC 81 and 82, PR 95, A4633, 
and sheet and crepe. Although the differences among the vulcanizates are 
less than among the raw rubbers, doubtless because part of the absorption by 
the former is due to the compounding ingredients, purification of the raw rubber 
can be very effective in reducing the absorption by the vulcanizate; this is 
reduced to one-third of the normal value in the most favorable cases, although 
in other cases no great improvement is effected. Deproteinizing by alkali or 
enzyme treatment gives better results than creaming or centrifuging alone. 

In the vapor test the final absorption is usually greater than the initial 
absorption, showing that the increment represents continued absorption of 
water and not oxidation. This view is supported by the fact that the total 
increment during the experiment is, on the average, approximately equal to the 
difference between the initial and final absorptions. Previous workers have 
observed the continued increase in absorption following the initial saturation 
in water immersion tests". 

In the immersion tests on the transparent vulcanizates, the effect of the 
water on the appearance of the rubber was noted. After one day’s immersion 
the smoked sheet and crepe vulcanizates had become slightly milky on the 
surface, and after five days were practically opaque, whereas the Goodyear 
rubber vulcanizate was unchanged except for a slight milkiness on the sharp 
edges. A4633 was intermediate between the Goodyear and the sheet and crepe 
vulcanizates. By using purified rubber, the tendency of transparent vul- 
canizates to become opaque when exposed to water can thus be largely reduced 
if not eliminated. 


PERMITTIVITY AND POWER FACTOR 


Sheets 0.1 inch thick of the cable mixes were conditioned and tested in ac- 
cordance with the British Standard procedure‘, except that the graphite was 
omitted, using a Schering bridge for tests at 800 c.p.s., and for the 10° c.p.s. 
tests a method based on substitution of a capacitance and a resistance for the 
sample in a resonant circuit. The specimens were then retested after being 
immersed in water for 14 days at 25° C, wiped dry, and conditioned for one 
hour at 25° C and 75 per cent relative humidity. 

In Table 8 each figure is the average of results for 25-minute and 35-minute 
vulcanizates, which usually gave closely similar values. Nominally identical 
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specimens gave slightly different results, so that in comparing different rubbers 
the permittivity and power factor figures must be taken as having standard 
errors of 0.14 and 0.036 per cent, respectively. 

The tests made before immersion show that none of the purified rubbers 
gives significantly lower permittivity than washed smoked sheet or crepe, the 
greatest apparent reduction (compared with the average of crepe and sheet) 
being only 0.07 (LAC 82 at 10% c.p.s.). This agrees with the results of previous 
workers”. Power factor shows more definite signs of improvement, since in the 
F series of mixes (though not in the E series) both LAC 82 individually and the 
mean value for the four purified rubbers are significantly lower than the mean 
for sheet and crepe at 800 c.p.s., though not at 10° ¢.p.s. Even in these cases, 
however, the difference is never large. Previous data have shown effects 
ranging from nil to a 50 per cent reduction in power factor". 

The lower water absorption of the purified rubbers would be expected to 
make their electrical properties less susceptible to the effect of water immersion. 
The increase in permittivity during immersion, however, was never greater 
than 0.20, and although on the average it was smaller by 0.05 with the purified 
rubbers than with smoked sheet and crepe, this difference is not statistically 
significant. Other workers", using longer immersion periods than in the present 
experiments, have observed more definite improvements from using purified 
rubber. : 

With power factor, the radio-frequency values for the F mixes show smaller 
increases during immersion for LAC 81, LAC 82, and Goodyear rubbers, viz., 
0.05-0.18, than for the other rubbers (0.4—-1.9 approximately), but otherwise no 
apparent advantage results from purifying the rubber. The only figures found 
in the literature'® show no significant advantage for purified rubber, using 
2,000 c.p.s. test frequency. 

The values of dielectric loss factor (permittivity X power factor) are shown 
in Figure 3 (a logarithmic scale is used in view of the wide range of values). 
To show the effect of the lower water absorption of the purified rubbers, the 
rubbers are arranged in order of decreasing absorption from left to right, as 
in Figure 2. In the E mix series it is difficult to see any advantage in the puri- 
fied rubbers, except perhaps in the radio-frequency tests on Goodyear rubber, 
in spite of their markedly lower water absorption (see Figure 2). In the low- 
loss mix F there are signs of a downward trend in loss factor from left to right, 
in agreement with the decreasing water absorption. Moreover, the 10° ¢.p.s. 
tests seem to show the expected convergence of the dry and wet curves from 
left to right, but this is not evident at 800 c.p.s., at which frequency the effects 
of absorbed moisture are usually more noticeable. While there is thus definite 
evidence that purification of the rubber, presumably by reducing hygroscopicity, 
improves the dielectric properties of the compounded and vulcanized material, 
this improvement appears disappointingly small; thus, at the very best, 
namely, in the 10° ¢c.p.s. tests after immersion on the F mixes of LAC 82 and 
Goodyear rubbers, the loss factor is reduced by only 35 per cent, compared 
with crepe (the smoked sheet value in Figure 3 is probably inaccurate), whereas 
the water absorption is reduced by 65 per cent in the vulcanizate and 70-90 
per cent in the unvulcanized rubber. It is only fair to add that with a longer 
water immersion period a greater improvement in electrical properties might 
have been evident. 

This result agrees with that found in the R.A.B.R.M. study of ebonites, 
namely, that purifying the raw rubber produces only a moderate improvement 








PROPERTIES OF PURIFIED NATURAL RUBBER 721 















































bers in dielectric properties of the vulcanizates, and that even complete elimination 
lard of the nonrubber components would not give a product with properties ap- 
proaching those of polyethylene or polystyrene, for instance. 
ers 
the 
eet) on [ | 
ious - 3 
the — Ss 
the 006} = 
lean i—! > 
uses, oS 
fects 004+ 
1 to pom i CABLE [Mix (E) 
3i0n. 
ater 
ified 002 Be ieee 
ally | — — 
sent 0015+ cr. 
ified 
iller OOIOF 
2., 1) -— © 
e no 0008} —~o-—_ a SO 
und 
sing © 
~ 
own > 
ona * CABLE [Mix (F) 
1e 
» as b 
uri- ° 
ber, 
low- 
ght, 
.p.s. 
rom ™ ' 
ects —-. \ 
nite i 
me Bacco 
rial, 
est, ~On 10) 
and ao" gill 
red 
reas 
—9() 
ger Crepe — A4633 PRIS LACBI LAC82 Goodyear 
ght 800 cps \O'cps 
ORY (BEFORE tmMERSION) ° 4 
tes, WET (AFTER IMMERSION) * a 
ent 


I'1e, 3.—Dielectric loss factor of vulcanizates. 














722 RUBBER CHEMISTRY AND TECHNOLOGY 


ELECTRICAL VOLUME RESISTIVITY 


A few measurements only were made on the F cable mixes (Table 3). 


TABLE 3 
Vo.tumE Resisriviry (OHM — cM. X 10!*) oF SHEETS 0.02 in. THICK 
Smoked Good- 
Crepe sheet PR95 LAC 81 LAC 82 year 
Untreated* c. 3 8.5 2.2 2.3 c. 2.5 4.5 
After 17 days in water at 15° C 0.3 12 1.4 1.3 2.1 0.6 
Percentage loss of resistivity c. 90 85 35 45 ce. 15 85 


due to immersion 


* In equilibrium with laboratory atmosphere. 


On the whole the purified rubbers have shown no advantage in the original 
dry state over crepe and smoked sheet, contrary to results recorded for rubber- 
sulfur vulcanizates'®. Except with the Goodyear rubber, however, the loss of 
resistivity during immersion is less, in agreement with the results of Kemp!’. 


SUMMARY 


A study has been made of the mechanical, aging, hygroscopic, and electrical 
properties of vulcanizates from natural rubbers deproteinized or otherwise 
purified during their preparation on the plantation. 

The main effects of the purification treatment on vulcanizing properties 
are: (1) the treatment, apparently by removing natural fat acids, may inter- 
fere with the action of such accelerators as mercaptobenzothiazole, thiuram 
disulfides, and dithiocarbamates, thus necessitating the use of extra fat acid 
in the mix; (2) in the mixes examined, purified rubbers tended to give peaky 
vulcanization curves, showing that control of vulcanizing conditions may be 
more critical with such rubbers. Otherwise the purified rubbers give me- 
chanical properties not noticeably inferior to those from normal crepe and 
smoked sheet, and indeed permanent set is usually lower, an observation agree- 
ing with other evidence in showing that the nonrubber components of crude 
rubber increase the set. 

Purified rubbers give inferior aging with accelerators, e.g., diphenylguani- 
dine, having no antioxidant effect, but when mercaptobenzothiazole is used, 
they are not obviously inferior to crepe or smoked sheet. 

Water absorption by the vulcanizate can be reduced (to one-third in the 
most favorable case) by using purified raw rubber, particularly those types 
deproteinized by hydrolysis or enzyme treatment, but the improvement is not 
so great as in the water absorption on the raw rubber itself. 

Electrical tests on cable-insulation mixes showed no improvement in per- 
mittivity by using the purified rubbers, even the slight advantage observed 
after water immersion being not significant compared with the experimental 
error. Power factor and loss factor (power factor X permittivity) showed more 
definite improvement, both before immersion and in resistance to the harmful 
effect of immersion. The reduction in loss factor, however, was never greater 
than 35 per cent, a much smaller proportionate improvement than in the water 
absorption, though broadly speaking, the lower the absorption the lower the 
loss factor. The few tests made on volume resistivity showed most of the 
purified rubbers to have rather better stability during water immersion. 
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Notes To TABLES 4 TO 7 


Vulc. = period of vulcanization (min.) 
TS = tensile strength (kg./sq. cm.) 
E50 = elongation (%) at 50 kg./sq. cm. 
EB = elongation at break (%) 

PS = permanent set (%) 

H = B.S. hardness number 


TABLE 4 


DPG Mrxes, VULCANIZED AT 153° C 
TRANSPARENT MIxEs, VULCANIZED AT 126° C 
CaBLE (E) Mrxes, Vutcanizep at 141°C 


The five figures in each set, reading downwards, relate to samples vulcanized for 
10, 20, 30, 40, and 50 minutes, respectively. 





Mix TS E50 EB PS H TS E50 EB PS H 
Smoked sheet No. 1 Crepe No. 1 
DPG; mix A 176 640 862 2.2 153 160 693 888 18 162 
198 545 758 13 136 206 588 805 1.1 148 
200 =515 727 2.2 130 208 538 740 1.5 133 
201 508 726 2.5 127 209 528 737 1.6 130 
200 38505 718 2.4 126 197 530 719 13 127 
Goodyear No. 1 A4633 

150 708 892 2.2 175 106 760 900 3.7 188 
198 600 795 09 146 £219 550 765 0.5 149 
194 528 697 09 130 222 500 715 O05 132 
200 528 708 0.9 129 206 500 700 0.6 131 
172 525 681 1.1 1380 162 510 675 0.6 137 

‘Transparent Smoked sheet No. 1; mix B Crepe No. 1; mix B 
110 875 1018 2.8 188 109 880 1038 3.1 191 
121 850 1008 32 187 119 805 980 36 183 
122 830 965 19 180 126 795 960 25 181 
133 765 930 41.7 182 £139 790 990 22 173 
134 750 925 24 187 138 755 940 26 174 

Goodyear No. 1; mix C A4633; mix D 
34 — >1000 89 250 99 890 1010 28 203 
98 880 998 44 199 140 810 975 15 182 
94 855 945 2.3 193 126 840 990 16 182 
70 870 925 1.5 198 110 875 ~= 1000 14 184 
67 960 1000 1.7 202 97 920 1030 1.9 184 
Smoked sheet No. 1 Crepe No. 1 
Cable; mix E 167 368 634 41 101 174 345 616 26 99 
195 350 623 22 93 179 =. 385 609 19.5 90 
191 338 625 18 88 187 340 625 17 86 
199 313 608 18 87 186 328 603 18 86 
188 308 581 17.5 85 164 333 582 17 85 
Goodyear No. 1 A4633 

79 460 568 41 133 154 365 595 18 97 
118 428 638 22 117 177 380 645 15.5 91 
127 428 658 16 109 180 405 670 15 91 
133 430 666 16.5 105 174 420 680 15 90 
134 433 671 18 106 170 485 695 15 90 
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TABLE 5 
CaBLE (F) Mrxes, VuLcanizep at 141° C 
The five figures in each set, reading downward, relate to samples vulcanized for 
10, 20, 30, 40 and 50 minutes, respectively. 
TS E50 EB PS H TS E50 EB PS H 
Smoked sheet No. 2 Crepe No. 2 
123 385 580 22:5 123 118 420 610 30.5 121 
143 355 560 20.5 104 141 410 620 28.5 109 
136 345 550 19.5 101 139 405 610 24 107 
151 350 565 18 100 135 400 595 20.5 105 
142 350 555 18 100 127 400 580 21 106 
Goodyear No. 2 LAC 81 
80 435 540 20.5 136 101 430 575 19 126 
116 395 570 17 117 133 405 590 16.5 107 
121 385 560 16.5 112 148 400 610 17 105 
125 385 565 15.5 110 154 400 615 16 104 
126 390 570 15.5 109 151 400 605 16 104 
LAC 82 PR 95 
121 435 630 17 123 119 460 650 21 125 
135 415 620 14.5 108 139 430 630 18.5 106 
143 410 620 15 104 149 430 645 18 105 
152 410 620 14.5 104 159 425 650 17.5 102 
155 410 625 15 105 146 425 640 17.5 104 
TABLE 6 
TENSILE PROPERTIES AFTER GEER Oven Aaina at 70°C (DPG Mix) 
Aging 
period Vule. TS EB TS EB TS EB 
Smoked sheet Crepe No. 1 Goodyear 
No. 1 No. 1 
7 days 10 161 845 160 880 85 920 
20 163 670 162 695 109 680 
30 145 584 141 630 59 270 
40 115 525 134 590 . . 
50 53 415 87 500 ’ 
Smoked sheet A4633 
No. 1 
10 days 10 122 885 91 970 ‘ 
20 144 680 75 530 : 
30 108 570 16 220 
40 16 270 13 170 t 
50 16 200 13 170 
* Very low. 
TABLE 7 
TENSILE PROPERTIES AFTER 28 Montus’ Natura AGING . 
Smoked sheet Goodyear t 
No. 1 Crepe, No. 1 No. 1 
- —— v. ——_. en, 
Mix Vule. TS EB TS EB TS EB 
DPG 10 174 980 186 1040 11 500 
20 214 825 215 890 35 540 I 
30 176 680 150 670 17 285 : 
40 77 445 14 255 18 275 
50 21 275 17 280 11 200 
Cable (FE) 10 189 610 175 585 97 555 ; 
20 181 605 187 600 125 610 - 
30 152 595 169 595 127 625 
40 153 605 159 590 117 615 
50 163 615 162 585 132 635 
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TABLE 8 
PERMITTIVITY AND PowER Factor 
(a) = before immersion; (b) = after immersion 


Permittivity 














800 c.p.s. 106 c-p s 
(a) (b) (a) (b) 
Mix Smoked sheet. No. 1 2.85 2.94 2.85 2.86 
Crepe No. 1 2.79 2.89 2.80 2.78 
Goodyear No. 1 2.85 2.90 2.87 2.81 
A4633 2.95 3.03 2.93 2.88 
Mix F Smoked sheet No. 2 2.73 2.94 2.66 2.84 
Crepe No. 2 2.71 2.84 2.74 2.85 
Goodyear No. 2 2.66 2.71 2.70 2.78 
LAC 81 2.67 2.81 2.65 2.87? 
LAC 82 2.69 2.75 2.63 2.73 
PR 95 271 2.83 2.66 AY i § 
Power Factor (%) 
(a) (b) (a) (b) 
Mix EF Smoked “yy No. 0.27 0.66 LZ 1.9 
Crepe No. 0.32 0.58 1.95 yA if ag 
Goodyear No. 0.31 0.54 1.6 hee 
A4633 0.26 0.66 2.9? 2.9? 
Mix F Smoked sheet No. 2 0.33 0.48? 0.48 2.527 
Crepe No. 2 0.32 0.43? 0.50 0.9 
Goodyear No. 2 0.28 0.44 0.54 0.6 
LAC 81 0.26 0.45 0.52 0.7 
LAC 82 0.23 0.40 0.51 0.6 
PR 95 0.27 0.40 0.49 1.0 


* 25 and 35 minute vulcanizates gave 1.7 and 3.7, respectively. 
+ 25 and 35 minute vulcanizates gave 1.6 and 3.3, respectively. 


An important conclusion is, that in the final assessment of the improvement 
gained by a purification treatment, tests should be made on the vulcanizate, 
since the water absorption of the raw rubber may give an exaggerated idea of 
the improvement achieved. For the same reason more attention should be 
given to measuring the electrical properties of the vulcanizate, since these, 
rather than the water absorption alone, are the technically important char- 
acteristics. 

By using purified rubber, the tendency of transparent vulcanized products 
to become opaque and white when immersed in water can be almost eliminated. 
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X-RAY AND DIELECTRIC INVESTIGATIONS OF 
THERMOVULCANIZATES * 


G. A. BLuokyu anp A. D. ZAioncHKovskii 


Earlier work by the present authors! has demonstrated that simple heating 
of rubber-carbon black systems in the presence of polymerizable vinyl hydro- 
carbons at moderate temperatures (150-200°) leads to the formation of soft 
thermovulcanizates possessing the properties of technical vulcanizates. At 
higher temperatures (260—280°) hard, fully cured thermovulcanizates are 
formed. These are designated by us as thermoebonites, to distinguish them 
from sulfur ebonites?. 

Thermoebonites are characterized by superior mechanical, chemical, and 
electric-insulating properties, and do not have the fundamental shortcomings of 
sulfur ebonites. These shortcomings, which result from the presence of excess 
sulfur’, are: 


(1) A decrease in the specific surface conductivity, with resultant formation 
on the surface of the ebonite of electrolytes like hydrogen sulfate, due to the 
oxidation of crystallized sulfur (socalled photoelectric sulfur). 

(2) Nonuniformity of ebonites toward breakdown voltages, with the forma- 
tion of socalled craters in place of the melted-out sulfur from the vulcanizate. 


Three types of hard thermovulcanizates and thermoebonites are obtained 
from synthetic rubber: 


(1) Noncorrosive black stock with 100 per cent carbon black loading. 

(2) Dielectric type with variable loading (kaolin, pumice, slate, chalk, 
silica, lithopone, tale, etc.). 

(3) Dielectric type without fillers, made from pure-gum synthetic rubber. 


These three types possess superior mechanical and chemical properties 
and, except in the case of carbon black thermoebonites, furnish high-grade 
electric insulation. 

The mechanical properties of the various types of thermoebonites are given 
in Table 1. 

The electrical properties of the thermoebonites are shown in Table 2 and 
the chemical properties in Table 3. 

The results cited are sufficient to demonstrate the superior mechanical, 
chemical, and dielectric properties of the fully cured thermovulcanizates 
(thermoebonites) obtained from sodium-butadiene rubber. 

From the numerous observations carried out with thermovulcanizates of 
synthetic rubber at different temperatures and in the presence of different 
ingredients, using such polymerizable vinyl hydrocarbons as styrene and acrylo- 
nitrile, it is possible to conclude that the high temperature treatment is the 
factor which determines the internal structural change that occurs in rubber on 


* Translated by H. K. Livingston from the Legkaya Promyshlennost Eshemesyachnyui Tekniko-Ekono- 
micheskii Zhurnal, 1946, No. 11-12, pages 43-45. 
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the formation of ebonite. A study of the structures obtained with fully cured 
thermovulcanizates by the methods of physical analysis was considered to be 
of interest. This study led to the x-ray, dielectric, and chemical investigation 
of the structure of thermoebonites. It was found that the formation of com- 
plex spatial three-dimensional network structures, similar to those formed in 
hard thermopolymers of sodium-butadiene rubber and in the products of the 
cyclization, dehydrogenation, and polymerization of natural rubber, is in- 
volved in the process of forming ebonites. 


TABLE | 


Break at static 


bending (Schopper Brittleness Brinell 
test) (kg. per on impact hardness 
Type of thermoebonite sq. cm.) (kg. per cc.) (kg. per sq. em.) 
100% Carbon black 958 2.60 637 
Dielectric: 
with 25% kaolin 653 2.80 711 

_-with 25% slate 600 1.40 700 
Synthetic rubber 698 1.19 815 


(no fillers) 


TABLE 2 


Tangent of Specific Specific 
Dielectric the angle of surface volume 
Type of thermoebonite constant dielectric loss resistance resistance 
Dielectric: 
with 100% MgO 3.3 0.024 1.110" 7.8 X10" 
with 25% kaolin 3.7 .007 1017 10% 
with 25% slate 3.2 .005 10'7 10% 
Synthetic rubber eA | .0007 | 10'7 10% 


(no fillers) 


TABLE 3 











Carbon black Dielectric Gum rubber (synthetic) 
Swelling Volume - "Swelling tion ; Swelling Volume 
time increase time increase time increase 
Compound (hrs.) (%) (hrs.) (%) (hrs.) (%) 
H.SO, 104 0.15 68 1.91 30 0.16 
HCl 134 1.04 120 1.89 30 0.40 
HNO; 69 3.52 18 4.59 30 4.2 

KOH 134 0.41 120 0.63 30 0.14 
Lubricating 128 0.12 18 0.64 30 1.58 


oil 
X-RAY STUDIES 


The results of x-ray investigations with soft thermovuleanizates only have 
been described by the authors‘. It was found that on heating synthetic rubber 
a condensed structure is formed. This produces a decrease in the interfacial 
spacing of the amorphous rings on the z-ray diagram. However, a much 
greater change in the z-ray diagram is found in the case of fully cured hard 
thermovulcanizates produced by the action of high temperatures (275°) on 
sodium-butadiene rubber. 

Two types of products were chosen for investigation : 


(1) Synthetic rubber without additives; 
(2) Synthetic rubber with 0.2 per cent of diazoaminobenzene. 
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z-Ray diagrams were obtained with film exposed to patterns from the different 
thermoproducts. The preparation of the diagrams® was carried out with the 
indicated objective in the form of different fragments 1 mm. thick. 

The spacing between the preparation and the x-ray film amounted to 
40-50 mm. 2-Ray diagrams were obtained on “alpha-laye” film, with a 
voltage of approximately 40 kv., and a current of about 12 milliamperes, and 
exposure time of 7 hours. The central ray of the principal aureole was screened 
out by a lead shield in the form of a disk. Interplanar spacings were calcu- 
lated by the Bragg equation: nA = 2d sin @. 

The results are given in Table 4. 


TABLE 4 


Interplanar 





Vulcanization conditions spacing of the Change in 
“ ~ amorphous interplanar 
Time Temperature interf,erence spacing 
Specimen investigated (min.) CC) (A.) (%) 
Raw synthetic rubber — — 5.25 — 
Vulcanized unloaded 30 200 4.89 6.86 
synthetic rubber 15 250 4.87 7.24 
120 270 4.80 8.57 
190 240-270 4.35 17.15 
Raw synthetic rubber + 0.2% — - 5.41 - 
diazoaminobenzene 30 150 5.30 2.22 
5 200 4.93 8.88 
210 150-270 4.71 12.94 


The z-ray diagrams of the products investigated contain two interference 
rings. One is amorphous and belongs to the rubber, while the other is erystal- 
line and is due to the presence of added ingredients. 

The interplanar spacing for the crystalline interference in all cases remained 
at all times constant at 3.18-3.22 A 

Analysis of the x-ray data indicates that, for the formation of soft thermo- 
vuleanizates from g gum rubber with heating completed i in 15 min. at 250°, there 
is a change of 0.38 A. in the interplanar spacing, which corresponds to a com- 
pression in structure of a contraction of the molecules of 7.24 per cent. A 
corresponding structural compression on the formation of a soft thermovul- 
canizate with 0.2 per cent of diazoaminobenzene, with heating completed in 
5 minutes at 200° C, amounted to 0.48 A., or a contraction of the molecules 
consisting of 8.88 per cent. 

The same picture is observed with ebonitic products, 7.e., on heating rubber 
within the temperature range 250-275° C. Thus, the thermoebonite from 
unloaded rubber, obtained over a graduated temperature range (190 minutes 
at 240-270° C), had an interplanar distance of 4.35 A., i.e., a compression in 
structure of 0.9 A., which corresponds to a contraction of the molecules of 
17.15 per cent. The thermoebonite made from rubber with the addition of 
0.2 per cent of diazoaminobenzene (140 minutes at 150-270° C) had an inter- 
planar spacing of 4.71 A., or a compression in structure of 0.7 A., which corre- 
sponds to a drawing together of the molecules of 12.94 per cent. 

In this connection, the data of Katz® are of interest. He showed that, in 
the case of polymerizates of butadiene and isoprene and related polymers, 
where the formation of three dimensional structures does not arise at the ex- 
pense of cross-links connecting the rubber chains, compression of the structure 
is constant. Thus, for monomeric butadiene and its polymer there is a single 
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value of 4.6 A., and for isoprene monomer as well as polymer, the value is 
4.9 A. These results may be summarized as follows: 


1. With increasing time of initia! heating of rubber, a compression in struc- 
ture is observed, with a contraction of the rubber molecules. This is associated 
with the formation of a three-dimensional structure with the result that cross- 
links connect the chains of rubber molecules or their branches; 

2. The transition from soft thermovulcanizates having elasto-plastic proper- 
ties to hard thermovulcanizates with a three-dimensional network structure 
and having no elasto-plastic properties corresponds to a compression in struc- 
ture, or contraction of the molecular chains of rubber, of 13-17 per cent. 


DIELECTRIC INVESTIGATIONS 


Special interest attaches to the investigation of the dielectric constant of 
rubber in the process of ebonite formation. It is assumed that any manifesta- 
tions of change in the structure of rubber affect the dielectric constant. It is 
known that in the process of polymerization, when there is a rapid increase in 
viscosity at the moment just before hardening, a sudden increase in the coefti- 
cient of internal friction, inasmuch as it is combined with a compression in the 
structure of the rubber, produces an effect on the dielectric constant, specific 
heat, coefficient of expansion, etc. Numerous investigations, as shown by 
Kobeko®, have demonstrated that common ethers and halogenated hydro- 
carbons have little effect on the dielectric constant, which is increased by the 
introduction of oxygen atoms, and also by the introduction of double or triple 
bonds. The lowest dielectric constants belong to the saturated and cyclic 
hydrocarbons. Therefore, from the point of view of insulating properties, 
it is desirable to obtain completely saturated polymers of the hydrocarbon 
type. 

In this connection it is interesting to note that in the process of polymeriza- 
tion a decrease in the dielectric constant is observed ; thus the dielectric constant 
for styrene is 4.2, whereas for polystyrene it is 2.9. Such a decrease in dielec- 
tric constant may be explained by the loss in double bonds in the process of 
polymerization. 

In his work ‘‘Synthesis of Long Molecules’, Ellis’? noted that, for a great 
many polymers, as is known, unsaturation disappears; this corresponds to a 
decrease in the index of refraction during the process of polymerization. Yet, 
according to Maxwell’, the dielectric constant is related to the index of re- 
fraction by the relationship: E = n?. In this way, if high molecular poly- 
merizates are actually produced in thermovulcanizates of synthetic rubber, 
with the formation of three-dimensional structures at the expense of a loss of 
double bonds, this is probably reflected in an effect on the dielectric constant. 

Experiments were carried out with thermoebonites from unloaded synthetic 
rubber subjected to different degrees of thermal treatment. In these experi- 
ments, because the thickness of the products was different, preservation of 
constant field intensity was accomplished by making the measurements of 
dielectric constant at a gradient equal to 500 volts per mm. 

The measurements® were made at technical frequencies, using Shering’s 
bridge with amplifiers. The air temperature was 15-16°, and its relative 
humidity was 75-85 per cent. In the interval between measurements, the 
samples were held in an atmosphere of 65 per cent relative humidity. 
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The results are given in Table 5. 





TABLE 5 
Vulcanization conditions 
“Time Temperature 
Thermoebonite under test (min.) (°C) Dielectric constant 
100 Synthetic rubber + 150 tale 60 275 4.1 
120 275 3.4 


Similar tests were made with unloaded synthetic rubber, subjected to 
different thermal treatments leading to the formation of thermoebonites. 
Voltage was applied in amounts depending on the thickness of the sample and 
equal gradients of 3000 volts per mm. and 50 cycle alternating current were 
used at 16° C. 

The results are given in Table 6. 


TABLE 6 
Amount of 
polarization 
Dielectric Tangent of the (- seo | 
Nature of the thermovulcanizate constant loss angle E+2 
Raw synthetic rubber 3.51 0.2660 0.455 
(plasticity 0.25) 
Heated 4 hrs. at 150° 3.32 0.1740 0.436 
Heated 4 hrs. at 150° and 24 hrs. 3.25 — 0.428 
at 180° 
Heated 2 hrs. at 270° yA 0.0007 0.361 


The data in Tables 5 and 6 verify the fact that there is a decrease in di- 
electric constant and dielectric loss when one compares extreme thermopoly- 
merizates with soft synthetic rubber, 7.e., the fact that there is a consumption 
of double bonds on formation of complex networks of three-dimensional 
structure. 


THE EFFECT OF THE PROCESS OF THERMOVULCANIZATION 
ON THE DENSITY OF RUBBER 
Investigations of the densities of samples of synthetic rubber were conducted 


by the analytical method of hydrostatic weight with an accuracy of one-fourth 
unit. The results appear in Table 7. 





TABLE 7 
Conditions of heating 
“~ ~ Specific gravity Change in 
Time Temperature of the specific gravity 
Nature of the sample (min.) (°C) rubber (%) 
Raw synthetic rubber — — 0.8642 — 
Cured synthetic rubber 120 250 9359 8.06 
Cured synthetic ruber 190 240-270 .9693 12.16 
Cured synthetic rubber 240 250-270 .9919 14.77 
(thermoebonite) 


From Table 7 it is evident that the density increases sharply with increasing 
degree of thermovulcanization of synthetic rubber, which is indicative of a con- 
densed structure, with a contraction of the molecules due to the formation of a 
netlike three-dimensional structure. Thus, the determination of the effect 
on the density of rubber immediately appears to be a direct confirmation of the 
conclusions reached on the basis of x-ray investigations. 
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THE CHEMICAL STABILITY OF PURE THERMOCULCANIZATES 
OF SYNTHETIC RUBBER 


The chemical stability of rubber towards various reagents serves to disclose 
directly the formation of three dimensional structures. 

A series of samples were considered for which the quantitative index of the 
formation of three-dimensional structures might appear to be the degree of 
stability in aromatics. Hill, Lewis, and Simonsen’? in their work state: 
“The emulsion butadiene polymer is evidently cross-linked, judged from its 
behavior towards organic solvents. The somewhat indefinite cross-linked 
structure of butadiene polymers made in aqueous emulsion must be ascribed to 
the weak polar character of butadiene. The solubility of [butadiene-methyl 
methacrylate] copolymer indicates that comparatively little chain branching 
has occurred’’. 

Table 8 gives data on the swelling, in percentage, of synthetic rubber (with- 
out additives) heated stepwise (60 minutes at 150°, then 75 minutes at 270°, 
and, finally, 120 minutes at 270°), in various compounds. 





TABLE 8 
Time in days 

Compound 4 4 5 6 8 18 40 
Benzene - 2.01 - - 2.99 = 
Lubricating oil 0.47 — - 1.08 1.42 
Chloroform ~ 7.99 9.43 ~ - 
Sulfuric acid 0.09 -— 0.1 0.12 0.16 
Hydrochloric acid 0.14 - - 0.29 - 0.37 E 
Nitric acid 0.4 ++ — 7 - 3.19 4.2 
Potassium hydroxide 0.01 — — 0.11 - 0.11 0.16 


These results should be compared with the results of Zhukov and co- 
workers", who found that raw synthetic rubber in aromatics swells 370 per cent 
in 1.5 hours, and is almost completely dissolved within 4-5 hours, whereas 
vulcanized synthetic rubber containing 2 per cent sulfur swelled 500 per cent 
in 1.5 hours. 

The data reproduced in Table 8 are evidence of the exceptional chemical 
stability of fully cured thermovulcanized synthetic rubber, which appears to 
be an absolute consequence of the formation of a netlike three-dimensional 
structure. 

The conclusions, arrived at by reference to the tabulated data, are: 

1. The interplanar distance of 5.25 A. for raw synthetic rubber decreases 
to 4.87 A. for a soft thermovulcanizate (a change of 7.24 per cent) and drops to 
4.35 A. for a thermoebonite (a change of 17.15 per cent). 

2. The dielectric constant E is 3.51 for raw synthetic rubber, decreases to 
E = 3.30 for a soft thermovulcanizate (a change of 6 per cent), and drops to 
E = 2.7 for a thermoebonite (a change of 23 per cent). 

3. The tangent of the angle of dielectric loss decreases from 0.2660 to 
0.174 for a soft thermovulcanizate and is 0.0008 for a thermoebonite. 

4. The density of rubber, which is 0.8642 for raw synthetic rubber, in- 
creases to 0.9359 for a soft thermovulcanizate (a change of 8.06 per cent) and 
to 0.9919 for a thermoebonite (a change of 14.17 per cent). 

5. The chemical stability (resistance to swelling) of thermoebonites in 
different substances increases abruptly, and becomes practically complete, 
relatively speaking. 
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It should be observed that the determination of the unsaturation of high 
thermopolymers by the Wijs method and by the method of Kemp and co- 
workers” by iodine and iodine chloride is not applicable to thermoebonites, 
since the methods are carried out of necessity with rubber completely dissolved 
in solvents. The thermopolymers are not soluble in known solvents. If the 
nsulating characteristics of these substances are compared with those of true 
thermoebonites from synthetic rubber, it will be seen that they belong to the 
class of dipolar, weakly polar insulating materials used in the electrical indus- 
try (t.e., the group of resins, styrene), according to the rational classification 
of these materials". 

An analysis of the preceding data leads to the following conclusions. 


1. Fully-cured thermovulcanizates of synthetic rubber have complex 
compressed three-dimensional networks, in which the molecular chains are con- 
nected with each other to a greater extent than in raw synthetic rubber (this 
is in accord with the smaller interplanar distance and greater density of the 
rubber). 

2. The molecular chains are bound to each other by means of bridges of 
the type —C—C— or —C—O—C-—, etc., forming three-dimensional networks 
with loss of a portion of the double bonds. This is in accord with the decrease 
in dielectric constant, which is reflected in the effect on the polarity of the sub- 
stance, and the marked increase in chemical stability characterized by their 
presence of cross-links. 

3. The three-dimensional network may be described as a massive bonded 
aggregate of molecules, deprived of the ability to orient and deform under 
the influence of polar and inductive forces, with marked resistance to the pas- 
sage of active current. The decrease in the amount of polarization and marked 
reduction in dielectric loss are evidence in favor of this statement. 
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CHROMATOGRAPHIC ANALYSIS OF RUBBER COM- 
POUNDING INGREDIENTS AND THEIR 
IDENTIFICATION IN VULCANIZATES 


L. J. Betuamy, J. H. Lawrig, anp E. W. 8. PREss 


An article of the title above was published in the Transactions of the Institu- 
tion of the Rubber Industry, Vol. 22, No. 5, pages 308-324, April 1947, and in 
RUBBER CHEMISTRY AND TECHNOLOGY, Vol. 21, No. 1, pages 195-219, January 
1948. Reference no. 3, on page 319 of the Transactions of the Institution of the 
Rubber Industry and References no. 4 and no. 13 on page 219 of RuBBER 
CHEMISTRY AND TECHNOLOGY should be Callan and Stafford, J. Soc. Chem. 
Ind, 43, 1T(1924). 
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CHROMATOGRAPHIC ANALYSIS * 


G. F. BLOOMFIELD 


British RusBeR Propucers’ RESEARCH ASSOCIATION, WELWYN GARDEN City, Herts, ENGLAND 


As a part of a general study of vulcanization reactions, the British Rubber 
Producers’ Research Association has been concerned with the fate of ac- 
celerators during cure. The recent paper by Bellamy, Lawrie, and Press 
(Trans. Inst. Rubber Ind. 22, 308-324 (1947); Ruspsper CHem. Tecu. 21, 
195-219 (1948)), describing chromatographic methods of separating and identi- 
fying accelerators and their decomposition products, was therefore of interest. 
Mercaptobenzothiazole found in an eluate from an alumina column does not, 
however, necessarily show that benzothiazoyl disulfide originally present in a 
vulcanizate is converted to mercaptobenzothiazole during vulcanization. 

Experiments in these Laboratories have shown conclusively that many of 
the grades of alumina at present available, including the grade used by Bel- 
lamy, Lawrie and Press, have the power of converting benzothiazoyl disulfide 
to mercaptobenzothiazole; hence benzothiazoyl disulfide put into a column and 
subsequently eluted with benzene-alcohol gives a positive mercaptobenzothia- 
zole test in the eluate. Possibly a less active column such as sucrose or silica 
gel would not show this effect and would enable the conversion of benzothiazoyl 
disulfide to mercaptobenzothiazole during curing to be more convincingly 
demonstrated. 

It is not disputed that, in actual fact, benzothiazoyl disulfide is converted 
into mercaptobenzothiazole during vulcanization, since this has been effectively 
demonstrated by a different method. The acetone extract of a vulcanizate 
containing originally: pale crepe rubber 100, sulfur 3, benzothiazoyl disulfide 1, 
stearic acid 0.5, and zine oxide 5 parts, was evaporated to dryness and taken up 
in benzene. The benzene solution was extracted with N ammonium hydroxide, 
the alkaline phase was well extracted with successive small quantities of ben- 
zene to remove unreacted benzothiazoyl disulfide and other soluble ingredients, 
then the alkaline solution was acidified, and the organic material liberated as 
extracted with fresh benzene. The presence of mercaptobenzothiazole in the 
solution was then demonstrated by the color developed with cobalt oleate. 


NOTE 
E. W. 8S. Press 


Although complicating the analytical applications of the chromatographic 
method, the finding of G. F. Bloomfield does not invalidate the demonstration 
of the conversion of benzothiazoyl disulfide into mercaptobenzothiazole during 
vulcanization, since the green cobalt oleate reaction was obtained in the acetone 
extract before passage through the alumina, and when poured in benzene 
solution into the column, a clearly definable zone was formed at the top of the 
column before any decomposition could occur on elution with alcohol. 

It is agreed that the use of less active adsorbents might overcome the diffi- 
culty mentioned by Bloomfield, but, in any event, his device of preliminary 
alkaline extraction would appear to be a satisfactory alternative solution. 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 23, No. 4, page 172, 
December 1947. 
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VARIABILITY OF CRUDE RUBBER 


EFFECT OF LATEX NONRUBBER SUBSTANCES ON 
VULCANIZATION AND AGING CHARACTERISTICS 
OF CRUDE RUBBER * 


E. M. McCoitm anp J. W. HAEFELE 


Unrrep States RvusBBER Co., BOENOET, K1IsaRAN, SUMATRA Easr Coast 


Several years before the war an investigation into the causes of the vari- 
ability in curing and aging properties of plantation rubbers was begun, but 
was interrupted when only partially complete. However, in view of the awak- 
ening interest in crude rubber and the possibility that it may be some time 
before research can be got under way again on the plantations, it was considered 
desirable to present this work now. It covers the isolation, in a condition as 
nearly as possible like that in which they exist in fresh, unpreserved latex, of 
certain fractions which have a pronounced effect on a mercaptobenzothiazole 
cure and on the aging of the resulting vulcanizate. 

Considerable has been written on the subject of variability in the various 
characteristics of crude Hevea rubber without complete elucidation of all the 
causes, and without much effort to ensure freedom from oxidative or hydrolytic 
changes prior to testing. When the present investigation was contemplated, 
it was decided first to determine the effect on vulcanization characteristics in an 
accelerated mix, and on its aging, of all the nonrubber substances present in 
latex, on the assumption that some, at least, of the observed variation is due 
to differences in the amount (or character) of these substances which remain in 
crude rubber as it comes into the market. 

To do this, as much as possible of the nonrubber substances must first be 
removed from rubber, then, before testing, added back singly or in combination, 
in the same proportions and concentration as they occur naturally. If these 
substances were added to an ordinary market-grade rubber, the effect of some 
might easily be completely masked by the effect of the amounts already present. 

In this paper methods of isolating the nonrubbers and of obtaining a puri- 
fied rubber, relatively free of the effects of nonrubbers, are described, and the 
influence on cure and aging of the various substances added to the purified 
rubber is discussed. 


PREPARATION OF NONRUBBER FRACTIONS 


The methods used in isolating the nonrubber fractions were selected to con- 
form to the following specifications: 


1. No treatment may be used which would be likely to alter the chemical 
character of any substance as it exists in fresh, unpreserved latex. 
2. Rigid precautions must be taken to prevent any possible oxidation. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 40, No. 2, pages 311-316, ee | ey 
The present address of E. M. McColm is Plantation Division, U nited States Rubber Co., New York, . 
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Certain fractions were isolated by suitable modifications of Roberts’ 
procedure}. 

Approximately 1 kg. of latex was obtained not later than an hour after 
tapping had been begun, and immediately added slowly, with stirring, to 2.5 
liters of redistilled 95 per cent ethyl alcohol. 

The coagulated rubber was pressed as free of serum as possible in a tincture 
press, cut into bits, and immediately placed in a 12-liter flask fitted with a 
stirrer running in a mercury seal. The seal was so arranged that it could be 
let down onto an inverted stopper to permit evacuation of the flask, without 
sucking in mercury. Then 3860 cc. of redistilled acetone and 6 liters of re- 
distilled carbon tetrachloride were added, the seal was let down onto its stopper, 
and the air was displaced by pyrogallol-washed nitrogen by evacuating, filling 
with nitrogen, re-evacuating, and refilling until the air remaining constituted 
only about 0.09 per cent of the contained gas. 

The stirrer was then lifted from its seat on the stopper and run until a 
smooth cement was obtained; to prevent leakage of air into the container, at all 
times a low positive pressure of nitrogen was maintained. 

While this was occurring, the aqueous alcoholic liquor, remaining after 
removal of the clot of coagulum as described above, was evaporated to small 
volume in vacuo on a water bath which was not allowed to exceed 45° C. 
A small stream of pyrogallol-washed nitrogen was passed through the flask 
during the evaporation. The liquor was then removed and the precipitated 
waxy lipin (fraction A) extracted by three extractions with ether, following the 
method of Rhodes and Bishop?. The extracted mother liquor was then evapo- 
rated to dryness in vacuo, the residue taken up with a little distilled water, and 
transferred to a breaker, an excess of redistilled ethyl aleohol was added to 
prevent bacterial activity, and the solution was reevaporated to dryness in 
vacuo over sulfuric acid at room temperature. To prevent possible oxidation 
during evaporation, the air in the desiccator was displaced by nitrogen before 
evaporation. 

The friable, very highly hygroscopic, partially crystalline mass remaining 
in the beaker when dry was separated into a methyl alcohol-soluble fraction 
(fraction B) and a methyl alcohol-insoluble fraction (fraction C) by repeated 
extractions under nitrogen at room temperature with absolute methyl alcohol. 

The rubber cement, when solution was complete in acetone-carbon tetra- 
chloride, was removed from the stirrer flask and coagulated by the slow addi- 
tion of 360 cc. of redistilled acetone per liter of cement. The coagulum, which 
cohered very quickly, was immediately returned to the flask, redissolved in 
acetone and carbon tetrachloride as before, and recoagulated. The coagulum 
was then discarded, as it had been shown by test that two such coagulations 
removed most of the material soluble in acetone-carbon tetrachloride. 

The combined acetone—carbon tetrachloride liquors were then evaporated 
to dryness in vacuo under a constant stream of pyrogallol-washed nitrogen in a 
water bath held at not over 45° C. The residue was separated into an acetone- 
soluble oily portion (fraction D) and an acetone-insoluble rubbery portion 
which is probably identical with Roberts’ ‘‘caoutchol” (fraction E)!. 

The latex proteins were prepared from serum obtained by centrifuging 
diluted fresh, unpreserved latex not over one hour old in a Sharples laboratory 
supercentrifuge developing a centrifugal force of about 50,000 times gravity. 
This serum was obtained in a slightly opalescent condition, evidently containing 
a small portion of rubber which was of extremely small particle size, since 
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it could not be further separated even by recentrifuging at this high centrifugal 
force. The acid-coagulable protein (fraction F) was removed by coagulating 
this serum with acetic acid within 5 hours of the time the trees had been tapped. 
Two other protein fractions were next removed by saturating the acid serum 
with ammonium sulfate (fractions G and H). The residual serum then gave a 
negative biuret test. 

The acid-coagulable protein was freed from the small amount of precipitated 
rubber by dissolving the wet, filtered mass in 1 per cent ammonia solution and 
filtering through filter paper, by which procedure a clear, rubber-free filtrate 
was obtained. This was the only method found, after considerable experi- 
mentation, by which the rubber could be removed without chemically altering 
the protein to appreciable extent. Filtration was always allowed to proceed 
overnight in a bell jar containing a beaker of 1 per cent ammonia solution. 
Some slight change in this protein may, therefore, have resulted from the 16 
hours’ contact with ammonia. The protein was recovered by coagulating the 
ammonia solution with acetic acid, centrifuging, filtering, washing with re- 
distilled acetone, and drying. 

The protein fraction, obtained by saturating the acid serum with ammonium 
sulfate, was recovered in a dry condition containing considerable ammonium 
sulfate, by filtering and washing with acetone. It was separated into two 
fractions, a water-insoluble (fraction G) and a water-soluble portion (fraction 
H) by dissolving in water, filtering and washing the insoluble portion free of 
sulfate ion. The filtrate containing fraction H was purified by electrodialyzing 
between parchment membranes against distilled: water, using toluene as anti- 
septic, until this water no longer contained sulfate ions after 4 hours’ dialysis, 
coagulating with acetone, filtering, drying, and finally washing three times with 
methyl alcohol, to remove traces of fraction B which were present. 

The distilled water used in the dialysis was always subjected to the biuret 
test, which is positive for this protein, to make sure that no protein was dialyzing 
and that the dialysis cell was not leaking. The test was always negative. 


TABLE I 
YIELDS OF NONRUBBER FRACTIONS 









¥iel 
Designa- % of latex, F 
Description of fraction tion % of latex total solids 
Lipin A 0.50 1.11 
Soluble in water-ethy] alcohol B 1.10 2.60 
Soluble in methy] alcohol 
Soluble in water-ethyl alcohol C 1.10 2.60 
Insoluble in methyl alcohol 
Soluble in CCl,-acetone D 1.48* 3.60* 
Soluble in acetone 
Soluble in CCl,-acetone E 1.02* 2.50* 
Insoluble in acetone 
Acid-coagulable protein F 0.17 0.44 
Protein insoluble in saturated ammonium sul- G 0.08 0.21 
fate, water-insoluble 
Protein insoluble in saturated ammonium sul- H 0.13 0.32 
fate, water-soluble 
Sludge from fresh unpreserved latex I 0.11 0.27 









Total 5.69 13.65 


_. * Yields obtained in single experiment in which rubber was dissolved in CCli-acetone and precipitated 
with additional acetone five times. Yield on fifth treatment was very small. 
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During the entire protein recovery procedures, there were only about 5 
hours—.e., during the centrifugation—when enzymatic or bacterial changes 
could have occurred. Since fresh latex usually shows little evidence of change 
during this period and the induction period prior to bacteria-content increase is 
7 to 8 hours, it is assumed that bacterial and enzymatic activity, if any, was 
slight. 

McColm’ has given an analysis of a sludge fraction found in fresh, unpre- 
served Sumatra latex. This fraction was also included in the testing, as 
fraction I. 

The average yields of the fractions obtained from a considerable number of 
preparations are shown in Table I. 

A small amount of analytical data on some of the above fractions was ob- 
tained, with the intention of concentrating, at a later date, on the complete 
analysis fractions which were found to have a marked effect on the properties of 
rubber. 

Fraction A.—Lirin. Acid number 2.3; equivalent free acid content, calcu- 
lated as stearic, 1.17 per cent. 

Fractions B and C.—Approximately 5 grams of each was dissolved in 4 cc. 
of water, and approximately 85 cc. of 95 per cent ethyl alcohol was added. 
These solutions were kept at about 10° C for 12 weeks. The deposits of crystals 
in each were shown to be quebrachitol (1-methyl inositol) by determinations 
of mixed melting point, in which the melting point of purified quebrachitol, 
of the above crystals, and of an equal mixture of the two were all 193-5° C 
(corrected). Fraction B contained 9 per cent and C, 9.8 per cent of this sub- 
stance, making a total yield of 0.21 per cent quebrachitol from this latex, 
compared with Rhodes’ value of 0.45 per cent from Malayan latex‘. 

The quebrachitol was obtained by a procedure which could not possibly 
have been hydrolytic, indicating that quebrachitol is present as such in latex, 
instead of in combination, as was indicated by Roberts!. 

Fraction D.—Soluble in carbon tetrachloride-acetone and in acetone. 
Acid number 46.5; equivalent free acid content, calculated as stearic acid, 
23.3 per cent. This observation indicates that free acids, probably fat in 
nature, are present as such in latex, either as separate globules or dissolved in 
the rubber. 

Fraction I 


Fresh latex sludge 


% acetone extract 29.5 
% CCl, extract (rubber) 36.0 
% protein (= %N X 6.25) 21.5 
% ash 4.0 
% unaccounted for 9.0 

100.0 


PREPARATION OF PURIFIED RUBBER 


To prepare a rubber as free as possible from the effects of the nonrubbers 
it was assumed that not only should all the nonadsorbed water-solubles be 
removed, but probably also the acetone-extractables and possibly the adsorbed 
nitrogenous bodies, including protein. 

To this end three separate lots of rubber were prepared from a bulked 
quantity of latex preserved with 1.25 per cent of ammonia. Lot I was treated 
with 2 per cent of potassium hydroxide, and heated for an hour in an autoclave 
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at 10-pound steam pressure, then cooled, diluted to 20 per cent solids with dis- 
tilled water, concentrated by centrifuging, rediluted with 2 per cent ammonia 
solution, and recentrifuged, for a total of four centrifugings. Lot II was 
treated in the same way except that the latex was heated an hour at 20-instead 
of 10-pound steam pressure. Lot III was merely centrifuged without caustic 
addition or heat treotment. From the conditions of centrifuging, it was caleu- 
lated that this purification procedure had removed 99.89 per cent of the non- 
absorbed water-solubles present in the latex of lot I, 99.95 per cent from lot IT, 
and 99.93 per cent from lot ITI. 

These three purified concentrates were then spread on glass trays and dried 
in vacuo at room temperature. 

Except when they were being worked with, the latices and concentrates 
were stored in an atmosphere of nitrogen to prevent oxidation. Analyses of 
the rubbers from these three preparations are shown in Table IT. 





TABLE II 
ANALYSES OF PURIFIED RUBBERS 
Lot 

I — Il 
% KOH used 2 2 None 
Heating (pounds steam) 10 20 None 
% acetone extract 2.30 2.10 2.04 
% nitrogen 0.015 0.02 0.10 
Acid value of acetone extract 50.0 : 50.0 40.0 
% free NH; 0.00046 — i 
% ash 0.12 0.13 0.07 
% potassium in ash Trace me - 
% P.O; in ash <25 
% iron in ash Trace 


Mooney plasticities after uniform breakdown, and green and aged tensile 
strengths were obtained using the American Chemical Society Crude Rubber 
Committee’s testing formula (given below). Statistical analysis of the data 
by variance analysis methods indicated that lots I and II, the potassium hy- 
droxide-treated rubbers, were significantly softer than lot IIT, that lot I was 
significantly faster curing than the others, and that lot II developed a sig- 
nificantly high tensile strength. Furthermore, the resistance to aging of lot III 
was significantly greater than that of the others. For these reasons it was 
decided to utilize the method of lot III, followed by acetone extraction under 
nitrogen, as offering the purification method least likely to have caused a 
change in the properties of the rubber hydrocarbon. 

A quantity of rubber was prepared in this manner, and was extracted with 
acetone under nitrogen until the acetone extract, as determined in the labora- 
tory without nitrogen, had reached a constant low value (about 0.3 per cent). 
It was assumed that extraction had been practically complete and that the 
values found in the laboratory were due to oxidation during the test. This 
rubber contained 0.08 per cent ash and 0.10 per cent nitrogen, and was rolled 
in sheet lead and sealed with paraffin to minimize oxidation during storage 
prior to use. 


EFFECT OF ADDITION OF NONRUBBER FRACTIONS ON CURE 
AND AGING OF PURIFIED RUBBER 


Compounding.—To test the effect of a given fraction on the vulcanizing and 
aging characteristics of the purified rubber, the desired percentage was milled 
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into a master batch of the purified rubber. When the master batch had been 
thoroughly blended, it was divided into three batches (two, only, in cases of 
fractions F, G, H, and I) and each batch was compounded separately in the 
American Chemical Society Crude Rubber Committee’s recipe, but omitting 
stearic acid: 


Rubber + nonrubber fraction added 100 
Zine oxide 6 
Sulfur 3.5 
Mercaptobenzothiazole 0.5 


Stearic acid was omitted because it was feared its presence might cause 
relatively good cures in cases where no other activator was present and poor 
cures would thereby have resulted. The samples were compounded in dupli- 
cate, or triplicate, to permit statistical comparison of results if necessary. 

Each batch of acetone-extracted purified rubber was tested without addi- 
tion of any fraction, this test serving as a blank for the fractions which were 
tested in that particular batch. 


STATISTICAL PROCEDURE 


By the methods of variance analysis, now used so frequently in biometrics 
and agricultural research, it becomes possible to state with relative exactness 
whether any of the fractions exerted real effects on the properties studied. 
The method used here permitted estimation of the odds in favor of real effects 
having occurred on the rate of cure as determined from modulus data, on the 
rate of combination of sulfur as determined from T-50 data, on the tensile 
strength attained, on the ultimate elongation, and on the aging resistance. A 
complete description of the statistical methods used is considered too involved 
to be included in this paper, but may be found in appropriate texts. 

Data.—The data obtained in the testing of fractions A, B, C, D, F, G, H, 
and I are givenin Table III. The testing of fractions D and E is also described 
separately. 

Fractions D and E.—These two fractions were obtained by coagulating latex 
with alcohol, dissolving the coagulum in a mixture of carbon tetrachloride and 
acetone, coagulating this cement with additional acetone, and evaporating the 
filtrate. There was, therefore, a good chance that they contained substances 
which had not been removed from the purified rubber by the washing or by 
the acetone extraction. If such substances exert an effect on cure or aging, 
then not only are the characteristics of the blank samples of purified rubbers 
not the true characteristics of the rubber hydrocarbon, unaffected by naturally 
oceurring nonrubbers, but also the effect observed in the testing of fraction D, 
as shown in Table III, may not have been the total effeet which this fraction 
could exert on pure rubber hydrocarbon. 

It was, therefore, determined to test the effect of fractions D and E by 
adding them to quantities of the purified rubber which had been further puri- 
fied by two coagulation treatments with acetone and carbon tetrachloride 
following the method of preparation of the two fractions. To this end a 
quantity of the purified rubber, whose testing is shown in Table III as “blank 
for fractions A, B, and C’’, was dissolved in carbon tetrachloride—acetone and 
precipitated with acetone twice, using the same proportions of solvent as used 
in the preparation of fractions D and E. The procedure was carried out in 
glass, and solution was effected under pyrogallol-washed nitrogen. 

The final coagulum, which contained appreciable solvent, was dried for 
several days in beakers in a large vacuum drier, at 180 mm. of mercury pres- 

















RUBBER CHEMISTRY AND TECHNOLOGY 
TaB_e III 
Moputus, TENSILE, ELONGATION, AND T-50 Tests on PurRiFIED RUBBER 
ConTAINING Various NONRUBBER FRACTIONS 
(Each result is the mean for three separately compounded batches, except in the 
cases of F, G, H, and I where only two batches were cured) 
Fraction 
A B ———— 
iia Per cent in rubber ; 
Blank for Fractions ———— a die = ———_—_—_-——— 
A, B, and C 1.1 2.6 2.6 
Time of Result Time of Result Time of Result Time of Result 
cure Ib. cure (Ib. / cure (Ib. , cure (Ib. / 
(min.) sq. in.) (min.) sq. in.) (min.) sq. in.) (min.) sq. in.) 
Modulus at 700% elongation 
140 252 20 571 40 506 40 222 
160 268 40 829 60 603 60 253 
180 289 60 953 80 679 80 310 
200 312 80 1122 100 952 100 339 
Green tensile strength 
140 578 20 1750 40 1866 40 353 
160 574 40 2304 60 1873 60 466 
180 731 60 2237 80 2036 80 671 
200 685 80 2382 100 1983 100 769 
Elongation at break (green) 
% % % % 
140 937 20 880 40 923 40 857 
160 927 40 840 60 887 60 870 
180 910 60 820 80 857 80 887 
200 893 80 790 100 830 100 880 
Tensile strength after aging 12 days at 70° C 
Lb. / Lb. / Lb. Lb. / 
Sq. in. sq. in. sq. in, sq. in, 
140 399 20 2713 40 990 40 356 
160 320 40 2540 60 1111 60 443 
180 253 60 2433 80 1203 80 544 
200 191 80 2414 100 1118 100 641 
Elongation at break (aged) 
140 747 20 847 40 793 40 850 
160 697 40 797 60 820 60 887 
180 580 60 767 80 790 80 780 
200 483 80 747 100 713 100 763 
T-50 at 650% elongation 
°C ° 6 °C ° Cc 
140 — 1.28 20 +7.82 40 +6.68 40 +4.95 
160 —2.53 40 +3.10 60 +4.08 60 +4.33 
180 —3.37 60 —0.80 80 +2.17 80 +2.22 
200 — 5.03 80 —2.95 100 — 1.65 100 +1.67 
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TABLE II I—Continued 








Fraction D Quebrachitol 
Blank for Fraction ° Per cent in rubber a ' 
an “ = Blanks for Fractions 
quebrachitol 3.5 2.5 F, G, H, an 


Modulus at 700% elongation 





140 238 40 406 140 235 140 204 
160 249 60 462 160 255 160 203 
180 253 80 488 180 258 180 239 
200 279 100 549 200 246 200 229 
Green tensile strength 
140 326 40) 1703 140 275 140 288 
160 393 60 1852 160 344 160 373 
180 432 80 1875 180 399 180 570 
200 419 100 2134 200 371 200 580 
Elongation at break (green) 
140 793 40 960 140 713 140 883 
160 847 60 930 160 810 160 897 
180 917 80 920 180 700 180 937 
200 857 100 910 200 777 200 950 
Tensile strength after aging 12 days at, 70° C 
Lb. / Lb./ Lb./ Lb. / 
sq. in. sq. in. sq. in. sq. in. 
140 146 40 2360 140 248 140 145 
160 147 60 2704 160 203 160 156 
180 146 80 2559 180 216 180 161 
200 151 100 1517 200 199 200 161 
Elongation at break (aged) 
% % % % 
140 377 40 777 140 540 140 493 
160 327 60 767 160 520 160 457 
180 327 80 753 180 503 180 380 
200 367 100 747 200 473 200 380 
T-50 at 650% elongation 
° Cc ° C ° GC ° Se 
140 —5.78 40 +4,23 140 — 2.83 140 — 5.20 
160 — 6.00 60 — 0.58 160 —2.10 160 —4.35 
180 —6.45 80 —4,90 180 —3.73 180 — 4.50 
200 — 6.30 100 —8.62 —3.85 200 —3.97 


200 
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TaBLe [II—Continued 
Fraction 
F G H I —_ 
—“— =) 
Per cent in rubber 
A ey, 
0.4 0.20 0.35 0.5 
Time of Result Time of Result Time of Result Time of Result 
cure Y cure (Ib. / cure (Ib. / cure (Ib. / 
(min.) sq. in.) (min.) sq. in.) (min.) sq. in.) (min.) sq. in.) 
Modulus at 700% elongation 
140 240 140 226 140 261 140 rae 
160 264 160 220 160 275 160 315 
180 251 180 252 180 250 180 305 
200 258 200 250 200 264 200 302 
Green tensile strength 
140 279 140 388 140 476 140 a 
160 387 160 410 160 458 160 652 
180 410 180 582 180 509 180 627 
200 431 200 581 200 627 200 679 
Elongation at break (green)° 
140 715 140 940 140 925 140 - 
160 790 160 930 160 860 160 915 
180 815 180 965 180 900 180 895 
200 790 200 900 200 950 200 885 
Tensile strength after aging 12 days at 70° C 
Lb. / Lb. / Lb. / Lb. / 
sq. in. sq. in. sq. in. sq. in. 
140 180 140 493 140 313 140 ai 
160 164 160 573 160 200 160 848 
180 179 180 605 180 168 180 917 
200 168 200 647 200 313 200 844 
Elongation at break (aged) 
140 510 140 910 140 635 140 ose 
160 445 160 900 160 505 160 825 
180 440 180 805 180 440 180 830 
200 420 200 815 200 560 200 820 
T-50 at 650% elongation 
°C °C °C °c 
140 — 4.03 140 —4.38 140 — 1.40 140 a 
160 — 2.83 160 —4.93 160 —1.93 160 —4.10 
180 —4.48 180 — 4.83 180 — 3.68 180 — 4.60 
200 — 5.23 200 — 5.40 200 — 2.80 200 — 3.80 
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sure, removed, milled to a sticky crepe, and redried in vacuo. The final ma- 
terial was sticky, although it gave off no odor of solvent even on milling. Its 
stickiness was assumed to be due to extensive breakdown and also to possible 
oxidation which occurred during preparation. McColm and Haefele* had 
shown that rubber prepared by this solution-coagulation treatment, repeated 
five times, is normal if dried in nitrogen, but becomes tacky after 24 hours’ 
exposure to air. A small sample, similarly prepared, changed from a normal 
crepe to a thick sirup on exposure to air for a few weeks, and this oxidation was 
immensely catalyzed by the presence of traces of iron. 

The rubber, after finally drying, contained 0.094 per cent nitrogen and 0.20 
per cent ash. The latter contained 0.015 per cent iron, comparing with 0.08 
per cent ash of the rubber before solution-coagulation which contained only 
0.0011 per cent iron. 

TABLE IV 
TENSILE AND T-50 Tests or RuBBER FREED FROM FRacTIONS D 
AND E To Wuicu Fraction D Was ADDED 
Time of cure 
(min.) Batch 1 Batch 2 Average 


Green tensile (lb./sq. in.) 


160 154 160 157 
180 181 155 168 
200 202 152 177 
220 156 175 166 
% Elongation at break 
160 400 390 395 
180 420 350 385 
200 490 400 445 
220 400 440 420 


T-50 at 250% elongation (Batch 1) 


1 2 1 2 
160 — 43.0 —42.5 — 43.0 — 42.5 
180 — 43.0 — 42.5 — 43.0 Broken 
200 — 43.0 —42.5 Broken —42.5 
220 — 43.0 Broken Broken — 42.5 


This rubber was compounded in the recipe without stearic acid as described 
above, and was cured at 20-pound steam. Even after 7 hours’ cure the molds 
could not be opened; they were then cut open, revealing the sample as a sticky 
mass with very little elasticity and about 50 per cent set, and showing that no 
appreciable vulcanization had occurred. This observation was checked by a 
second attempt in which the mold was removed and opening attempted every 
40 minutes up to 6 hours and 20 minutes, after which the mold was cut open, 
and the contents were found to have the same characteristics as above. 

After addition of 2.5 per cent of fraction E (acetone-insoluble) to a portion 
of this rubber and compounding as above, again no cure resulted, even after 
6 hours and 20 minutes at 20-pound steam. Apparently this fraction, which 
is similar to Roberts’ ‘‘caoutchol”’, has no effect on a mercaptobenzothiazole— 
zine oxide cure. 

In the investigation of fraction D, 3.71 per cent was milled into a further 
portion of the above rubber, and two batches were compounded as above. 
These were cured at 20-pound steam. On opening the molds the cured slabs 
stuck to the mold rather badly and because they had very poor tensile strength 
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were somewhat torn. Sufficient test-pieces were obtained for green tensiles 
and T-50 tests only (Table IV.) 

In these cures the molds could be opened only after 160 minutes, but at 
that time the samples were probably overcured. 

Unfortunately, nothing can be said as to the effect of this fraction on tensile 
strength, due probably to the oxidation of the rubber before cure. It is ob- 
vious, however, that the fraction induced rapid cure in the rubber, which 
practically failed to cure at all in its absence. That this is due to the presence 
of a mercaptobenzothiazole activator and not to an accelerator was shown by 
the fact that the purified rubber after acetone extraction, but still containing 
appreciable amounts of fraction D, showed no cure when compounded as above 
but without the mercaptobenzothiazole, even after 9 hours at 20-pound steam. 

Further investigation of this fraction in rubber whose purification involved 
greater precautions against oxidation than those taken by the authors would 
be of considerable interest. 


DISCUSSION 


It seems evident from the above that rubber can be prepared in a state in 
which it vulcanizes only very slowly, if at all, with mercaptobenzothiazole, but 
that rapid vulcanization can be induced by addition of a substance or sub- 
stances which occur naturally in rubber and which are not entirely removed, 
either by washing the latex or by acetone extraction of the rubber. 

The results of the tests of certain other fractions studied do not need a 
statistical study to prove that they had a real effect on the properties of the 
purified rubber. 

Whereas the blank developed low tensile strengths and moduli even after 
140 minutes’ cure, fractions A, B, and D caused great increases in curing 
rates, since much better tensile strengths and moduli were obtained in less 
than 100 minutes in each case. Fraction B, which could have contained no 
fat acid or ester, caused a marked increase in tensile strength and modulus 
of the blank, but did not confer on the rubber the marked increase in resistance 
to aging evidenced by fractions Aand D. At the “good” cures of the rubbers 
containing these three fractions, there is no increase in combined sulfur over the 
blank, as judged by T-50 data. It is, therefore, probable that these fractions 
are necessary to cross-link formation which does not occur in their absence. 

The lipin fraction (A) had an acid number of only 2.3. Ganshorn and 
Gerke® have described a test on acetone-extracted rubber in which they showed 
that, whereas addition of stearic acid gives a good cure, addition of tristearin 
(the glyceride of stearic acid) does not. In contrast to this the lipin, in which 
nearly all the fat acid is combined, does give a relatively good cure. Either 
this combined fat acid is readily freed at vulcanization temperatures, or the 
lipin exerts a different kind of effect. 

These effects are summarized in Table V. 

As a matter of interest, the results of the tests on the three blanks, repre- 
senting three different acetone extractions, were examined statistically. Sig- 
nificant differences were found in modulus, tensile, elongation, and T-50, but 
the differences were all slight and probably represented small differences in the 
amounts of residual acetone extract left in the rubbers, and possibly in the 
degree of oxidation which occurred after acetone extraction. 

A statistical examination of the data obtained in the testing of fractions 
F, G, H, and I, as against their blank, has been made (Table VI). No effect 
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is considered to have been observed unless the odds were at least 99 to 1 in 
favor. This ratio of odds was considered necessary because of the possibility 
of a lower ratio being observed, purely by chance, where so many samples are 
compared at once. 

TaBLeE V 


Errect oF Fractions A, B, anp D 


Fraction Effect 
1. Lipin (A) Increased rate of cure, increased strength, 
increased resistance to aging 
2. Soluble in water-ethyl alcohol, and Increased rate of cure, increased strength 
methyl alcohol (B) 
3. Acetone-soluble portion of material About the same effect as lipin 


removed by acetone coagulation of 
a carbon tetrachloride cement (D) 


From Table VI it is evident that the proteins have had little effect on the 
rate of vulcanization, as judged by modulus data, on the tensile strength, or 
on the rate of combination of sulfur as judged by T-50 data. 

The fresh latex sludge, on the other hand, has speeded up the curing rate, 
raised the tensile strength, and improved aging, without affecting the rate of 
sulfur combination. This effect of the sludge may have been due to its content 
of acetone-extractables (29.5 per cent) which had an average acid value of 5.12. 

In general it would appear from this work that curing variability of crude 
rubber in a mercaptobenzothiazole recipe, in so far as it is affected by non- 
rubbers, is controlled by the amounts present of fractions A, B, D, I, and 
possibly C, 

TaBLe VI 
KFFECT ON PURIFIED RUBBER OF VARIOUS PROTEINACEOUS FRACTIONS 


Effect on blank Ultimate 


; in 700% tensile 
Fraction Description of fraction modulus strength T-50 
F Acid-coagulable protein None None None 
G Water-insoluble portion of None None None 


proteins coagulated by 
saturated (NH,4)2SO,4 
H Water-soluble portion of None None Higher 
proteins coagulated by 
saturated (NH,4)2SO, 
I Fresh latex sludge Increase Increase None 


CONCLUSIONS 


Nine different fractions of nonrubber substances have been isolated from 
fresh, unpreserved latex, in a condition probably closely resembling the condi- 
tion in which they existed in latex as it was produced by the tree. 

A purified rubber, free of nonabsorbed water-solubles and of acetone- 
extractables, was prepared. 

The nine fractions were added to this rubber separately and the resulting 
mixtures compounded in a pure gum recipe containing mercaptobenzothiazole 
as accelerator and zinc oxide. 

Of these fractions, only three were found having marked effects on the prop- 
erties of the vulcanizate. Two additional fractions had small effects. 

Evidence indicates that very poor cures are obtained if rubber is freed from 
nearly all the nonrubber components. Addition of at least one substance, 














748 RUBBER CHEMISTRY AND TECHNOLOGY 


which has no effect in the absence of mercaptobenzothiazole, causes a great 
increase in rate of cure. 

Crude rubber may possibly be variable for other causes than the amount 
and character of the nonrubbers present. That portion of the curing variability 
in a zine oxide-mercaptobenzothiazole compound due to the nonrubbers is 
probably due to variation in the following fractions: 


1. Lipin 
2. Soluble in water, and in ethyl and methyl alcohols 
3. Soluble in CCl,-acetone and in acetone 


Free acid, probably free fat acid, occurs naturally in fresh latex. 
Quebrachitol (1-methyl inositol) is present in an uncombined form in fresh 
latex, and has no effect on curing rate or on aging. 
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COMPLEXITY OF FRESH HEVEA LATEX * 
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Although under difficult conditions, the work at the Netherlands Indies 
Rubber Research Institute at Buitenzorg (Java) was continued during the 
Japanese occupation. Since it will be a long time before the accumulated 
results of the years 1942-45 can be published in detail, some points of general 
interest are reported here. 

It is common knowledge that, on addition of small amounts of salts of bi- 
or polyvalent cations to fresh latex, partial coagulation follows. The yellow 
colored coagulum generally contains 10-30 per cent of the rubber and after 
drying gives a yellow rubber, rich in proteins, and having a high acetone ex- 
tract. The high acetone extract and the color are produced by the yellow 
particles, first observed by Frey-Wyssling, which, although generally called 
“resin particles”, contain mainly lipoids. What, however, is the reason for the 
high protein content? 

In 1941 it was observed by one of us (L.N.S.H.) that when fresh latex is 
centrifuged in tubes, a separation occurs into a heavy yellow fraction, taking up 
a tenth to a third of the total volume, and a lighter white fraction. The yellow 
fraction is more viscous and often in itself consists of various layers, bright 
yellow, gray yellow, orange, or even green. Much information was obtained 
by studying separately the chemical composition, colloid-chemical and enzymo- 
logical properties of these fractions. 

The difference in composition is evident from the following example: 


Original White Yellow 
latex fraction fraction 
Ratio of weight 100 76.3 23.7 
Specific gravity 0.977 0.966 ks 
Viscosity (centipoises) 11.7 9.2 ? 
Dry rubber content (%) 34.8 43.7 9.0 
Total solids (%) 37.4 45.8 14.3 
Nitrogen content (%) 0.24 0.22 0.33 
Ash content (%) 0.60 0.47 1.11 
pH (fresh) 6.3 6.9 Say § 
Crepes prepared from the sample had: 
Nitrogen content (%) 0.37 0.34 0.73 
Ash content (%) 0.15 0.13 0.50 
Acetone extract (%) 2.42 2.10 6.99 


It is clear that a large part of the nonrubber components of the latex as- 
sembles in the yellow fraction, whereas the white fraction is a purer rubber 
dispersion than the original latex. In spite of its higher rubber content, the 
white fraction is less viscous, even after ammoniation, and consequently it has 
better creaming properties. 


* Reprinted from Nature, Vol. 161, No. 4083, pages 177-178, January 31, 1948. 
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Another important difference is in their behavior on standing. Whereas 
the original latex coagulates spontaneously after about twelve hours, the white 
fraction may stay fluid for days. The yellow fraction, on the other hand, 
coagulates within a few hours. This probably is a consequence of the fact that 
all enzymatic reactions in the yellow fraction are much more pronounced than 
in the white fraction, giving rise to accelerated splitting of large-molecule 
complexes and the formation of free fat acids, which, in their turn, in the 
presence of magnesium ions, effect spontaneous coagulation’. The addition 
of freshly made pancreas lipase extract accelerates the spontaneous coagulation 
of the yellow fraction considerably, is less active in the original latex, and has 
searcely any influence on the white fraction. 

A clear demonstration of the greater activity of enzymes in the yellow 
fraction is given by the dark discoloration on the surface, which is caused by 
oxidizing enzymes. On standing exposed to air, latex sometimes becomes dis- 
colored on the surface, turning gray or grayish purple. The white fraction 
never becomes discolored; but the yellow fraction always becomes dark gray 
or purplish black, often very quickly. Gas formation occurs in the yellow 
fraction earlier and to a much greater extent than in the white fraction. 

Microscopic observations.—The complexity of fresh latex, caused by the 
existence of the yellow fraction, is even observable under the microscope, pro- 
vided the latex is examined in a thin layer and with a small magnification 
(60-200), and that it is not diluted. The rubber dispersion then is visible as a 
highly absorbent mass; the rubber particles are not visible separately ; but the 
whole mass is constantly glittering and twinkling in consequence of Brownian 
movement. The yellow fraction, on the other hand, appears as irregular 
shaped transparent “islands” with an irregular structure. The great difference 
in viscosity is evident. By pressing on the cover glass, streaming of the rubber 
dispersion is easily effected; but the bright islands are viscous and change their 
shape only slowly and with difficulty. The phenomenon is especially clearly 
observable in latex from twigs and from young trees, since in such latices the 
yellow fraction takes up a large, even the larger, part of the volume. 

Stability —In old ammoniated latex the yellow fraction is no longer present. 
Resin particles may be observed, but not the viscous matter just described. 
This is easily understood by observing under the microscope the picture which 
appears when alkali diffuses into fresh latex; the transparent viscous islands 
dissolve. Sometimes, however, the viscous matter is more resistant, and in 
exceptional cases it was still present in ammoniated latex several weeks old. 
Not only the amount but also the properties depend on all kinds of biological 
factors, such as age and strain of the tree, place and frequency of tapping; 
possibly the season, the weather, even the soil may be of influence. 

Very much in contrast to the influence of alkali is the action of distilled 
water. In this case the viscous matter may be observed to stiffen and floccu- 
late under the microscope. From this observation puzzling effects such as the 
rise in viscosity on dilution of fresh latex with water, and the forming of clots 
on dialyzing now become clear. The behavior of the yellow fraction of Hevea 
latex on addition of water is analogous to that of Cryptostegia latex’, since 
coagulation results. 

Dilution of the yellow fraction without a change in the consistency of the 
viscous matter is possible with a salt solution containing a monovalent cation 
of about 0.1 normality. With such a solution it becomes possible to.wash the 
yellow fraction by repeated centrifuging, decanting and diluting. Moreover, 
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under suitable conditions as to pH and the concentration of the monovalent 
cation, it is possible to separate the yellow fraction without centrifuging but 
simply by gravity. The fact that the addition of salt reduced the viscosity of 
the fresh latex very considerably is one of the reasons for this. 

The true nature of the viscous matter in fresh latex is not yet known, but 
the properties resemble those of coacervates’ very much; thus it seems prob- 
able that fresh latex contains a microcoacervate which by centrifuging or 
under favorable conditions as to the viscosity goes over in a macrocoacervate. 

. The progress of our research work has been slowed down, first by the War 
and later it was interrupted by the unhappy conditions in Java; it is expected, 
however, that work at our Institute will be resumed in the near future. 
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Introduction.—Henriques' discovered that the durability of crude rubber 
was reduced greatly by preliminary extracting of the material with acetone. 
Much work was done thereafter to isolate and identify these acetone-soluble 
“protecting” substances, which became known as natural ‘antioxidants’, 
“antiagers’’, “antioxygens’”, etc. It is beyond the scope of this work to give a 
complete survey of literature on this subject, but the attention of the reader 
should be called to the important investigations of Peachey’, Kerbosch*, Martin‘, 
Bruson, Sebrell, and Vogt®, and of Bondy and Lauer’. The latter coagulated 
the latex with acetone, and intensively extracted the coagulum formed with 
this solvent. Only the fraction containing the organic bases markedly im- 
proved the aging properties of the purified rubber. Closer investigation showed 
that this fraction on exposure to ultraviolet rays became dark colored, to which 
the authors ascribe the activity of the bases. It has been shown that some 
dyestuffs exert a strong retarding action on the oxidation of rubber. 

Since the discovery of certain synthetic products which have an outstanding 
antioxidant action, interest in the natural antioxidants has decreased. Hun- 
dreds of synthetically prepared compounds are now known to be excellent 
antiagers, so it seems no longer of importance to execute the tedious and un- 
economical separation of natural antioxidants with the intention of mixing 
them again with rubber to obtain durable vulcanizates. As protectors of raw 
rubber, however, the natural antioxidants are still of value, and their separa- 
tion and identification has increased in importance with the demand for special 
types of rubber with low nitrogen and ash contents, and with less water absorp- 
tion, better electrical properties, and less odor than common crepe. Since 
such types of rubber, because of the partial removal of the natural antioxidants 
during preparation, appear to be less durable than common crepe or smoked- 
sheet rubber, it is understandable that the identification of the natural anti- 
oxidants remains of considerable theoretical and practical importance. 


PROCEDURES 


Procedure followed in the search for natural antioxidants——Obviously, the 
best method of tracing the natural antioxidants in latex is a study of all com- 
ponents present. A limitation of the investigation to part of the latex, such 
as the popular acetone extract, or the latex-serum, is incomplete and possibly 
misleading. For several reasons outlined elsewhere’, only fresh latex forms a 
suitable starting material. 

In the present investigation the procedure involved the separation of the 
latex components into two main fractions, the water-solubles and the ether- 
solubles, each of which was subjected to a more detailed analysis, thus yielding 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 23, No. 4, pages 179-192, 
December 1947. 
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several subfractions which, one by one, were tested for their antioxidant action. 
The method of analysis is outlined in Schemes A, B, C, D and E, to which the 
reader is referred. 

Procedure for testing the antioxidant action of substances on vulcanized and on 
crude rubber.—Of the numerous methods proposed to imitate natural aging, the 
most practical are those in which rubber is exposed to heat and oxidation. 
Most used and reliable are the methods proposed by Geer’, Bierer and Davis’, 
and the R. T. Vanderbilt Co.!°. These methods were introduced to determine 
the aging properties of vulcanized rubber, but they can be used also to determine 
the antioxidant action of the latex components on raw rubber. 

Kerbosch’ and Peachey? determined the oxidizability of crude rubber ac- 
cording to a method described by Gorter". Though useful, this method would 
be troublesome for an extensive series of measurements because it involves 
solution of the rubber, distillation of its solvent, and a long period of aging. 
The same holds true for the method described by Bondy and Lauer®, who 
measured the viscosity of the rubber samples in a benzene solution after ex- 
posure to the ultraviolet rays. Blake and Bruce” described a method which 
does not differ essentially from that of Kerbosch*, but is easy in application. 

Some years ago experiments were set up in the Institute for Rubber Re- 
search at Buitenzorg to develop a rapid artificial aging test for raw rubber. 
In the present investigation the separated water-soluble latex components were 
mixed with latex (5 per cent dry rubber) modified according to (Miss) Homans", 
and the latex was coagulated with formic acid. The rubber was then creped 
and washed in a standardized way; the crepe was finally dried, and then arti- 
ficially aged by heating in air for three hours at 110° C. 

This method could not be used for the latex components insoluble in water, 
and was replaced by one by Verbrugh", in which the rubber is allowed to swell 
for 12-24 hours in a benzene solution of the component under investigation. 
The benzene was distilled in vacuo, the residual rubber creped, and heated in 
air at 110°C. Preferably rubber artificially aged by heating according to 
Braak!® was used, since this contains only a small part of the antioxidants 
originally present in the rubber. 


DESCRIPTION OF THE OUTWARD APPEARANCE OF CRUDE RUBBER AFTER 
HEATING IN Arr aT 110°C 


Evaluation Description of the outward appearance 
10 The original structure is practically unaffected. The color may have darkened 
somewhat. 

9 Clearly somewhat tacky; by lateral illumination glimmering spots are evi- 
dent etenien of liquefaction). 

8 Begins to form glassy complexes; the light transmission is greater than that 
of the blank. 

7 Shows large glassy complexes; the light transmission is greater than for 8. 

6 Practically clear; transparent, however, only when an object is put against 
the rubber (compare: frosted glass). 

5 Practically clear; transparent to a distance of some cm. behind the rubber; 
enclosed air bubbles are observable. 

4 The surface still shows the crepe pattern (as can be observed by lateral 
illumination) but inside, the crepe structure has disappeared and the sample 
is transparent. 

3 There is still a fair amount of surface pattern. 

2 Only a few ups and downs in the surface indicate the original crepe pattern. 

1 There is no rudiment of a surface pattern. 

0 


The original surface pattern has not only flowed together, but the sample 
has flowed out, 
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On heating, crepes liquefy to a certain extent and lose their original pattern. 
Van Dalfsen’® made a table according to which these changes can be judged 
by means of figures. This table, satisfactory in practice, has been used in the 
investigation to grade the antioxidant activity of the different natural non- 
rubber substances, and is therefore reproduced here. 

As will be seen from the following pages (see the tables), the blank tests 
show considerable variations. This must be due chiefly to differences in com- 
position of the starting material, which was derived from various batches of 
modified rubbers (latices). Small variations in the experimental conditions 
from one series to another may also influence the results of the blank tests. 
For these reasons it was necessary to make a blank test for every series of 
estimations. 


EXPERIMENTAL RESULTS 


Activity of the separated latex components.—All the water-soluble fractions 
were found to exert a protective effect on crude rubber according to the follow- 
ing series: blank < amines-betaines < PbAcI and amides < PbAcII < amino 
acids < filtrate (see Schemes A and B; and Table 1). The activity of the 


TABLE 1 
Activity OF WATER-SOLUBLE FRACTIONS SEPARATED FROM LATEX 
Evaluation Water 
Antioxidant Quantity used test at Copper absorption 
Expt. (fractions per liter 110°C after Nitrogen (mg. per 100 g. (mg. per 
no. from latex) diluted latex 3 hours (per cent) of rubber) sq. cm.) 
1 None (blank) — 2 0.19 0.25 93 
2 PbAc I as occurring 5 0.20 0.25 78 
in latex 
3 PbAc II do. 6 0.20 0.25 102 
4 Filtrate do. 8 0.21 0.30 218 
5 Amino acids do. 7 0.21 0.25 118 
6 Amines- do. 3 0.20 0.20 88 
betaines 
ff Amides do. 5 0.21 0.25 108 


“filtrate’’, although the best in the series, is not of great practical importance 
because of the extremely high water-absorption of this fraction. To trace its 
components, it would be of great interest to analyze the “‘filtrate’’ completely. 
In this connection the activity of the amino acids (which are present in the 
filtrate) merits full attention. It is possible that certain organic compounds, 
such as sugars, amino acids, etc., produce water-soluble copper complexes, 
which may be washed out by water on the mills. It was found, however, that 
the N- and copper-contents of the various samples do not differ much from 
each other. 

The antioxidant action of the ether-soluble fractions (Schemes C, D and E; 
and Table 2) were tested by dissolving them in benzene in concentrations either 
of 0.1 per cent (experiments of Series a) or of 0.5 per cent (experiments of 
Series b), corresponding to concentrations of 0.7 and 3.5 per cent, when calcu- 
lated on the dry rubber. 

From the figures recorded it may be concluded that only the unchanged 
ether-solubles (Expt. no. 9), and the lecithins (Expt. no. 11), and also, but in 
a far lesser degree, some other subfractions (Expts. nos. 19, 21, 29) show a 
protective action. All other fractions appear without any activity or even 
show prodxygenic properties. 
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n. It is obvious that the minute quantities in which the subfractions of Expts. 
d nos. 19, 21, 29 occur in the unchanged ether-solubles or in the lecithins (see the 
he yields recorded in the schemes) cannot be held responsible for the excellent 
n- antioxidant action of the latter which, consequently, must contain other active 
components so far neglected in the above tests. Such is the case with the so- 
ts called second water layer mentioned in Scheme B, containing several water- 
n- soluble saponification products, such as phosphoric acid, glycerol, choline, etc. 
of 
ns TABLE 2 
is. ACTIVITY OF ETHER-SOLUBLE FRACTIONS SEPARATED FROM LATEX 
of Evaluation test at 110° 
after hours 
Expt. no. Antioxidant . } 1 3 . 
8 Non (blank test) 5 2 
ns 9a Unchanged ether-solubles 74 3 
w- 9b Ditto 9 4} 
— 10a Acetone solubles (fats: glycerides) 5 2 
10b ‘Ditto 44 2 
he lla Acetone-insolubles (lecithins) 74 4 
11b Ditto 9 5 
12a Unsaponifiables 4} 1} 
12b Ditto 2 1 
13a Complete acid fraction 4} 1} 
13b Ditto 2 1 
n l4a Steam volatiles* 2 4 
14b Ditto i «6 
15 None (blank test) 9 8 3 
16a Unsaponifiables 8} 7 2 
16b Ditto 8 6 3 
17a Crystal fraction, ligroin residue 8} 7 2 
17b Ditto 7 4} 0 
18a Crystal fraction, acids 8} 64 1} 
18b Ditto 7k «6 1 
19a Crystal fraction, solids-Ac. 9 74 23 
19) Ditto 9 OL 6h 
. 20a Middle fraction, acids 83 63 4 
nce 20b Ditto (4 43 0 
: 21a Middle fraction, solids-Ac. 9} 9 6 
its 21b ~—Ditto 10 9% 8} 
ely. 22a _— Oil fraction, ligroin residues 9 7 , 
the 22b —Diitto 8} «64 } 
ids 23a Oil fraction, acids 84 a 3 
' 24a Oil, from crystal fraction 7 44 0 
a 24b Ditto 4} 2 0 
ha ——$_—_—_-— 
om 25 None (blank test) 9 8 4 
26a Acid fraction, unchanged 9 7 2 
26b Ditto 84 7 2 
| E; 27a Saturated fatty acids (stearic acid, etc.) 9 7 2 
Sher 27b Ditto 7 4 1 
a of 28a Unsaturated acids (oleic acid, etc.) 84 64 4 
| 28b Ditto 64 4 3 
leu- 29a _— Resin acids, separated acc. to Twitchell 10 9 865 
29b Ditto 10 8 4 
ged 30a Resin acids, separated from oil fraction 8} 63 2 
t in 30b Ditto 7 5 $ 
nas 3la “‘Water-alcohol resins’’ 8 63 1 
-* 31b _— Ditto 6 4 1 
_— * Steam volatiles were obtained by subjecting the unsaponifiables to steam distillation, and extracting 
the distillate with ligroin, 
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To test its antioxidant action, the second water layer was worked up as 
follows. By treating the solution with calcium carbonate and baryta, sulfates 
and phosphoric acid were eliminated. The filtered solution was then distilled 
under reduced pressure in a carbon dioxide atmosphere. The residual orange 
colored syrup, containing among other compounds, choline carbonate, was then 
tested for its antioxidant action in the way already described for water-soluble 
compounds. The choline carbonate is easily transformed into its phosphate by 
treating the solution with an equimolar quantity of phosphoric acid. In 
Table 3 the activities of these solutions are compared with those of pure choline 





TABLE 3 
Activity oF SeEconD WaTER LAYER IN COMPARISON WITH PURE CHOLINE SALTS 
Quantity Evaluation test at 
per liter 110° C after hours 
diluted ; A 
Expt. no. Antioxidant latex (mg.) } 1 
32 None (blank test) — 7 3 
33 2nd water layer (choline carbonate) 1000 5 2 
34 2nd water layer (choline phosphate) 1000 5 2 
35 Pure choline carbonate 1000 4} 0 
36 Pure choline phosphate 1000 6 2 


carbonate and phosphate prepared from Kodak’s choline hydrochloride. 
The poor results obtained were unexpected as organic bases, in general, have 
been found more or less active®. Another method was therefore tried, in which 
the crepe was left for 24 hours in the solution under examination, e.g., in a | 
per cent solution of either the purified second water layer or choline carbonate. 
From Table 4 it is obvious that choline has a distinct antioxidant action. The 


TABLE 4 
ACTIVITY OF SECOND WaTrER LAYER, TESTED IN A SPECIAL MANNER 


Evaluation test at 100° C 





after hours 
Expt. no. Antioxidant 4 1 3 : 
37 None (crepe left for 24 hours in distilled water) 63 4} 0 
38 Crepe left for 24 hours in “second water layer”’ 9 8 4} 
39 Crepe left for 24 hours in choline carbonate solution 8 7 3 


relative better activity of the second water layer may be imputed to components 
other than choline derivatives, such as colamine salts which are derived from 
cephalins found present in the latex by the author’. 

Activity of amino acids and some other substances (Table 5).—Starting from 
a previously obtained result®!, which indicated that latex contains approxi- 
mately one gram of amino acids per liter, a series of ten amino acids (Kodak 


preparations), as well as a mixture of them, and also asparagine as the only 


amide, were tested for their antioxidant action. It appears (Expts. nos. 
40-52) that, without exception, all these products are excellent antioxidants. 


Smaller quantities of them were also tried (Expts. nos. 53-59). The most 


active were glycocoll and alanine. As to the nitrogen and copper-contents, 
no changes of significance took place. The water absorption figures, however, 
are unfavorably influenced by the amino acids, with the exception of tyrosine, 
arginine, cystine and asparagine. 
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Objections may be raised to the artificial addition of amino acids to latex 
because of their high price and unfavorable influence on the water absorption. 
As for the first objection, the author searched for other less expensive substances 
(Table 5, Expts. nos. 60-68). 


TABLE 5 


Activity oF Amino AcIDS AND OTHER SUBSTANCES 














Quantity Evalua- Copper Water 
used per tion test (mg. per absorbed 
liter diluted at 110°C Nitrogen 100 g. of (mg. per 
Expt. no. Antioxidant latex (mg.) after3hrs. (per cent) rubber) sq. cm.) 
40 None (blank test) — 5 0.18 0.2 57 
41 Proline 1000 _§ 0.18 —_ 70 
42 Oxyproline 1000 83 — — — 
43 Gutamie acid 1000 8 0.18 0.2 75 
44 Glycocoll 1000 9} 0.18 -- _ 
45 Valine 1000 8 - = 
46 Alanine 1000 93 0.17 0.2 84 
47 Aspartic acid 1000 8 0.18 — 88 
48 Leucine 1000 g 0.16 — 69 
49 Arginine HCl 1000 7 0.18 0.2 84 
50 Tyrosine 400 8 0.17 -— 56 
51 Mixture Expts. nos. 1000 9 0.17 70 
41-50 
52 Asparagine 1000 8 0.18 67 
53 None (blank test) -= 23 0.20 0.25 85 
54a Glycocoll 500 63 0.20 0.25 94 
54b Glycocoll 200 5 0.20 0.25 87 
54c Glycocoll 100 4 0.21 0.30 90 
55a Tyrosine 200 3 0.20 0.25 76 
55b Tyrosine 100 3 0.19 0.25 83 
56a Glutamic acid 500 6 0.20 0.20 114 
56b Glutamie acid 100 23 0.20 0.20 89 
57a Arginine-base 1000 8 0.19 0.35 80 
57b Arginine-base 500 7 0.21 0.25 76 
57c Arginine-base 100 3 0.20 0.25 77 
58a Cystine 100 4 0.19 0.30 78 
58b Cystine 50 33 0.19 0.25 73 
59a Asparagine 500 6 0.21 0.35 78 
59b Asparagine 100 23 0.19 0.35 85 
60 None (blank test) = 3 0.20 0.30 i 
61 Urea 1000 2 0.21 0.30 88 
62 Acetamide 1000 23 0.20 0.30 61 
63 Caffein 1000 23 0.21 0.25 67 
64 Guanidine sulfate 1000 23 0.22 0.25 96 
65 Ammonium formate 1000 2 0.20 0.30 76 
66 Ammonium nitrate 5000 2 0.23 0.25 214 
67 Ammonium sulfate 5000 2 0.24 0.30 195 
68 Quebrachitol 2500 23 0.20 0.20 100 
69 Copper sulfate 10 0 0.20 1.35 74 
70 Copper sulfide 10 0 0.20 14.0 91 
71 None (blank test) — l 0.18 0.35 73 
72a Gelatin 500 1 0.18 0.35 80 
72b Gelatin 1000 13 0.20 0.35 75 
72c Gelatin 2000 3 0.21 0.35 80 
73a Amino acids from 500 4 0.19 — 69 
gelatin 
73b Ditto 1000 8 0.19 68 
73c Ditto 2000 9 0,19 94 
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TABLE 6 
AcTIVITY OF GLYCOCOLL IN UNDILUTED CREAM LATEX bes 
Quantity Evalua- no 
per liter tion at Copper Water thi 
cream 110°C (mg. per absorbed 
latex after Nitrogen 100 g. of (mg. per 
Expt. no. Antioxidant (mg.) 3 hrs. (per cent) rubber) sq. em.) aci 
74 None (blank test) . — 1 0.18 0.35 73 po 
75 None (undiluted cream) — 3 0.30 0.30 123 
76 Glycocoll in undiluted 100 74 0.19 0.30 132 
cream 
TABLE 7 
Activiry oF Amino Actps ABSORBED ON FRESHLY PREPARED CREPE 
Evaluation Water : 
Concen- test at absorbed Ex 
Solution in which crepe is tration 110° C after Nitrogen (mg. per 
Expt. no. left for 24 hours (per cent) 3 hrs. (per cent) sq. em.) 
77 Water (blank test) -— 1 0.16 69 
78 Glycocoll 0.1 1} 0.15 78 
79 Glycocoll 0.2 2 0.16 75 
80 Glycocoll 0.4 5 0.16 85 
81 Glycocoll 0.5 5 0.17 95 
82 Glycocoll 1.0 7 0.18 104 
83 Amino acids from gelatin 0.1 2 0.17 86 
84 Amino acids from gelatin 0.2 5 0.17 74 
85 Amino acids from gelatin 0.4 7 0.17 S4 
86 Amino acids from gelatin 0.5 7 0.16 76 
87 Amino acids from gelatin 1.0 8 0.17 93 7 
0 
ScHEME A. SEPARATION OF HEVEA LATEX INTO MAIN-FRACTIONS cor 
Fresh latex (1 part) 
drop into 9 parts of alcohol (96 per cent) 
| 
ag J 
Coagulated rubber Alcoholic soln. 
crepe thinly without filter 
washing; extract con- poe 
tinuously in Soxhlet with: Filtrate 
(add CaCO; powder) 
—_ —- 
| | 
scenes cicadas amen 
Alcoholic-extracted rubber Alcoholic extract 
extract continuously with water filter | 
Extracted rubber Alcoholic extract 
dissolve and centrifuge | distil under reduced 
| pressure in CO: atmo- | 
a sphere | 
| | | a Sea | Am 
| Aqueous residue | 
| extract with ether | was 
- ee | Per. I An 
| | | oe soli 
| Aq. extract Water layer Ether layer | Per. IT ag 
ga 
| N / evap. to dryness 
| i | 
| | | am 
| | | DISTILLATE to t 
| | | i 
RUBBER PROTEINS WATER-SOLUBLES ETHER-SOLUBLES SoLips 
(analyze b (analyze by 
Scheme B Schemes C, D, E) 
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As a mixture of amino acids prepared from gelatin (or the proteins of soy 
beans) is less expensive, the activity of such a mixture has been tested (Expts. 
nos. 71-73). Gelatin has little activity, but the amino acids prepared from 
this protein have excellent antioxidant properties. 

As a matter of fact, in the method applied, a considerable part of amino 
acids remains unutilized in the serum, and only traces of these active com- 
ponents are left in the crepe after washing on the mills. Hence a single test 


TABLE 8 


Activiry OF A MIXTURE OF GLYCOCOLL AND ACETAMIDE 


Quantity Evalua- Water 

per liter tion test absorbed 

diluted latex at 110°C Nitrogen (mg. per 

iixpt. no. Antioxidant (mg.) after3hrs. (per cent) sq. cm.) 
88 None (blank test) 2 0.15 61 
89 Glycocoll 1000 83 0.17 71 
90 Acetamide 1000 3 0.16 63 
91 Mixture glycocoll and acetamide 2000 9 0.17 74 


ScHEME B. FURTHER SEPARATION OF WATER-SOLUBLES (SEE SCHEME A) 


Water-solubles 
divide in three parts 
| 





part (1) part (2) part (3) 
to be worked up ac- —— to be worked up ac- = Add 25 _ per cent Pb-acetate until no 
cording to Altman*! — cording to Altman" more ppt. is formed; filter 
| 
Filtrate Precipitate 
divide in 2 parts suspend in water ; 
| treat with HS; 
a filter 
part (3a) part (3b) | 
| add mercuric add ammonia and 
| nitrate; more Pb-acetate | 
filter filter | 
| Nl 
| 
ee ‘oie! | 
|  Filtrate Precipitate Filtrate Precipitate | 
discard suspend in saturate suspend in 
water; sat- with HS water; sat- 
urate with filter urate with 
H.S; filter H.S; filter | 
| | 
| Filtrate Filtrate Filtrate Filtrate 
evaporate to dryness 
] 
| i . = oe | | 
Amino acids Amines-Belaines Amides “Filtrate”’ Pb Ac II Pb Acl 


was made by adding the amino acids to the undiluted cream latex (Table 6). 
Another experiment was made in which wet crepe was left for 24 hours in a 
solution of amino acids, after which the crepe was dried and the solution used 
again for the same purpose (Table 7). In both cases good results were obtained. 

Regarding the increased water absorption figures caused by most of the 
amino acids, it has already been mentioned that this objection does not apply 
to tyrosine, arginine and cystine. The fact that acetamide and caffein slightly 
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ScHeME C. FurTHER SEPARATION OF ETHER-SOLUBLES (SEE SCHEME A) 
Ether-solubles 


divide i 


n 2 parts 





| 
part (1) 
saponify according to Henriques; 
extract alkaline solution 
with ether 


Solids 


Ag. soap soln. 
acidify with 10 per containing 
cent H2SO,  soln.; sterols 
extract with ether 


| | 
“Second water Ether extract 
layer’ evaporate to dryness ; 
analyze residue ac- 
cording to Twitchell? 





| 


Resin acids 


| 


Saturated and unsatu- 
rated fat acids 








_ 
part (2) 
dissolve in ether; 
pour soln. into 
excess of acetone 
| — | 
Ether extract Acetone Acetone 
evaporate to — solubles insolubles 
dryness 


| 
Unsaponifiables (24.7 g.) 
acetylate; evaporate excess of 
acetic anhydride; recrystallize 
from alcohol (96 per cent) 
! 
| 
Mother liquor R, 
evaporate in vacuo 
to dryness; leave 
residue for 48 hrs. 


Crystal fraction Ly 
recrystallize from 
alcohol 











= WS filter 
Mother liquor L 
evaporate alcohol ‘ee 
in vacuo; decant | 
conc. residue | 
when hot 
| 
Solution 
cool and filter | 
| | 
ware | 
Cryst. fract. Ls | 
recrystallize from | | 
alcohol 
— on | | 
| ie : 
| Mother liquor | Mother liquor 
Ls 42 | 
- | | 
combine ; | | | 
evaporate alcohol to small | 
vol.; decant from oil | | 
| | 
Solution 
| cool and filter | | | 
| | | | | 
Cryst. fract. Cryst. fract. Cryst. fract. Mother liq. Oi Oil Mother Cryst. 
Le 44 45 Ly Le Ly liq. R2 fract. R, 
adderyst. frac. Ri atacand — add to 
and combine combine combined 
nN we y cryst. 
Combined crystal fractions Combined mother liq. and oils _ fractions 


Analyze by Scheme D. 


Analyze by Scheme E 
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reduce water absorption (Expts. nos. 62, 63) led the author to try mixtures of 
these compounds with amino acids, without any practical improvement 
(Table 8). 

The problem has been further worked out elsewhere’’. 

In examining the antioxidant action of amino acids on vulcanized rubber, 
it was found that these compounds, as well as asparagine, somewhat improve 
the aging properties of vulcanizates, but that this improvement is of little 
significance. 

For the sake of completeness, attention was also given to a possible action 
of amino acids as vulcanization accelerators. It was found that the amino 
acids are valueless as accelerators, and may even have a retarding action on the 
process of vulcanization, perhaps with the exception of proline. 


ScHEME D. FURTHER SEPARATION OF ETHER-SOLUBLE COMBINED CRYSTAL FRACTIONS 
(SEE SCHEME C) 


Combined crystal fractions 
(yield: 13.5 g.) 
saponify with alcoholic potasl 
(1 N); cool, filter and wash 

with alcohol (50 per cent) 


| 5 
Precipitate Filtrate 








dry; extract evaporate alcohol ; 
in Soxhlet extract aq. suspension with 
with ligroin ligroin in Steudel apparatus 
for 1 week for 24 hrs. 
| ' 
penciecmlioaaey Esperia eronecenotianr etl 
Ligroin extract Ligroin extract Water layer 
evaporate to dryness evaporate to dryness ; acidify with 10. per 
| boil with a little cent H2SO,; extract 
alcohol; decant when with ligroin in Steudel 
hot app. for 24 hrs. 
A Wie 03 | 
Po — 
Solution Ligroin extract W ater- 
evaporate alcohol evaporate to layer 
| dryness discard 
Residue —_Ligroin residue  Ligroin residue Oil Acids Solids-ac. 
(0.06 g.) (9.1 g.) (1.5 g.) (0.9 g.) (0.17 g.) (0.21 g.) 
m.p. 285° m.p. 126° m.p. 120° 





combine with ligroin residue of middle 
fraction, separated in Scheme E 


As a contrast, the results given by some copper salts have been inserted. 
The great affinity of copper sulfide for rubber is remarkable in comparison 
with that of copper sulfate. The copper sulfide absorbed in crepe is not black 
but distinctly blue. It is suggested that copper sulfide, eventually in another 
form, dissolves in rubber or, at least, in the rubber oxidation products and, 
consequently, is much more noxious than copper sulfate, which is soluble in 
water and easily washed out in the creping process (compare the copper content 
of the samples, obtained in Expts. nos. 69 and 70). 

The author is fully aware of the shortcomings of the present investigation ; 
its publication, therefore, should be considered as a preliminary note. To be 








762 RUBBER CHEMISTRY AND TECHNOLOGY 


true, certain active fractions (Expts. nos. 19 and 21) must, for the time being, 
remain unidentified because of lack of material. Besides, the antioxidant test 
of the water-soluble fractions cannot give full satisfaction, since no quantita- 
tive data can be given of the components actually absorbed by the rubber 
samples, as is the case with the test of the ether-soluble fractions. 

On the other hand, the results show in a sufficiently convincing manner that 
minute quantities of amino acids strongly improve the aging properties of raw 


ScHEME E. FuRTHER SEPARATION OF ETHER-SOLUBLE COMBINED MOTHER LIQuORs 
AND O1Ls (SEE SCHEME C) 


Combined mother liquors and oils 
Boil with alcohol; decant when hot 
| 





| 
Solution 


evaporate alcohol | 


Middle fraction Combined oil fractions (12.2 g.) 
saponify with alcoholic pot- purify by washing the ligroin 
ash (1 N); distil alcohol in soln. with dil. alcohol 


vacuo; add water to residue; 
extract continuously with 


ligroin | 
| | 
| | 
Water layer Ligroin extract Water-alcohol layer Ligroin extract 
acidify with evaporate to distil alcohol in shake with dil. 
10 per cent dryness vacuo; filter potash soln. 
1 ! 


| 


H.SO,; extract 
contin. with 





ligroin 
ae: Se | 
coe al | | 
W ater layer Ligroin extract | Ligroin extract Alkaline 
discard evaporate to evaporate water layer 
dryness | acidify 
| | with 10 per 
cent H.SQO,; 
| extract with 
ligroin 
| | ee, 
| Ligroin extract Acid 
| | evaporate to layer 
| | dryness on 
| | | stand- 
| | ing a 
| | solid 
| | | separ- 
| ates 
| | | | | : 
Solids-Ac. Acids Lngroin residue Water-alcohol Oil Resin Solid 
(0.15 g.) (0.125 g.) add to ligroin resins (ll.4g.) acids (0.02 g¢.) 
residues of (0.8 g.) (0.81 g.) 


crystal fractions 
separated in 
Scheme D 


N.B.—The “Oil” obtained, when treated in the same way as the “middle fraction,” 
yields: 9.7 g. ligroin residue, 0.015 g. acids, and traces of Solids-Ac. 
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rubber. It is, moreover, clear that the procedure followed is a satisfactory 
way of tracing the active components present in latex. 


SUMMARY 


An elaborate investigation on the identity and usefulness of the antioxi- 
dants naturally occurring in Hevea latex is of value because there is an in- 
creasing demand for special types of rubber with low nitrogen and ash con- 
tents, less water absorption, better electrical properties, and less odor than 
common crepe, and because these rubbers are generally unstable in comparison 
with the usual grades of rubber crepe and sheet. 

For the purpose of the investigation, fresh latex was separated into main- 
fractions, the most important of which have been called water-solubles and 
ether-solubles. These were further separated into various subfractions, which, 
one by one, have been tested for their antioxidant activity on raw rubber. 

In the following table only those fractions which show an outstanding anti- 
oxidant action are recorded. 


TABLE 9 
SURVEY OF FRACTIONS SHOWING STRONG ANTIOXIDANT ACTION 
Evaluation test at 110° C 


after hours 
pee eK HF 

















Iixpt. no. Antioxidant 1 3 
| None (blank test) 2 
2 Pb Ac I 5 
3 Pb Ac II 6 
4 Filtrate 8 
5 Amino acids 7 
7 Amides 5 
8 None (blank test) 2 
11b Acetone-insolubles (lecithins, cephalins) 5 

15 None (blank test) 3 
19b Crystal fraction, acids 63 
21b Middle fraction, solids-Ac. 8} 
oa None (blank test) 0 
38 Second water layer 43 


It is shown further that the amino acids are most remarkable in their anti- 
oxidant action: minute quantities exert a strong retarding action on the oxida- 
tion of raw rubber. Choline and cephaline are most probably the active com- 
ponents of the second water layer. The active ether-soluble fractions could 
not be identified due to the small quantities separated. 
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LATEX STRAINABILITY TEST * 


P. D. Brass AND D. G. SLovin 


Unirep STates RusppBer Co., PROVIDENCE, RHODE ISLAND 


The presence of fine coagulum in latex affects some processes very adversely. 
This coagulum is often wrongly blamed on some complicated chemical or 
physical action in the compound when the true explanation is that all the larger 
particles were present in the original latex or dispersions from which the com- 
pound was made. The latex strainability test measures the amount of latex 
that will pass through a filter medium before clogging. 


EQUIPMENT 


The apparatus for making the test is constructed in the following manner: 

A circle large enough to fit into the seat of a 0.5-inch aluminum pipe union 
is cut from 30-mesh stainless steel screen. The border of the screen is coated 
with rubber by dipping it in latex; this acts as a gasket. The exposed portion 
of the screen should be of the same diameter as the inside of the pipe union. 
On this backing screen is placed a piece of standard felt cut to the dimensions 
of the screen. (The felt used in most of this work was No. 8805 from the 
American Felt Co., but any similar material can be used.) The parts of the 
union are then screwed tightly together and the union is fitted to a suction 
flask by means of a rubber stopper. The flask is connected by rubber tubing 
to a vacuum system containing a manometer and means for maintaining a 
vacuum of 125 mm. of mercury. At the start of the test, the suction flask is 
cut off from the vacuum by a pinchelamp. 


DESCRIPTION OF TEST 


To test a material, the felt should first be wetted thoroughly. First the 
pinchclamp is opened momentarily while 5 cc. of a 2 per cent soap solution 
(usually potassium oleate) is poured through the felt. Then a measured 
volume (or weight if air bubbles are present) of the material under test is 
started through the felt. When the union is filled, the vacuum is applied by 
removing the pinchclamp. The material must be poured in fast enough to 
keep the felt always covered. This is continued until the felt chokes off. 
With unstrained latex or dispersion, this end point is rather abrupt. With 
material that has previously been strained through felt, there is a gradual 
slowing down. In that case, the end point is considered to be reached when the 
time between individual drops of filtrate exceeds 5 seconds. 

The strainability of the material under test is determined by subtracting 
the volume or weight remaining unfiltered after stoppage from the original 
volume or weight. This value is customarily converted to gallons per square 
foot of filter area, or some similar convenient dimensions. 

* Reprinted from Analytical Chemistry, Vol. 20, No. 2, pages 172-174, February 1948. This paper was 
presented before the Division of Rubber Chemistry of the American Chemical Society at its semiannual 


meeting, Cleveland, Ohio, May 26-28, 1947. The present address of P. D. Brass is General Laboratories, 
United States Rubber Co., Passaic, New Jersey. 
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FACTORS AFFECTING TEST 


Various types of felts were examined to determine which was most suitable. 
These felts varied from very light to very dense materials with different 
amounts of wool. Since there was little variation in the results obtained by 
using the different types, the cheapest, No. 8805, was taken as standard. 

The results in Table I were obtained on Sumatran centrifuged natural 
latex. 

TABLE | 


VARIATIONS WITH TyPpE OF FELT 


Wool Strainability 
Felt (%) (gal. per sq. ft.) 
American Felt Co. 8805 25 7.6 
American Felt Co. 8807 25 bg 
American Felt Co. 8820 25 9,7 
American Felt Co. X293 = 8.3 
American Felt Co. 70,105 100 7.8 


To determine the variability of the felt, twenty disks were cut at random 
from a 10-yard piece of felt, approximately 2 circles per yard. The strain- 
ability of another sample of the above type of latex was determined with each 
piece of felt and averaged 5.8 gallons per square foot, with a standard deviation 
of 0.26 and a minimum and maximum of 5.3 and 6.3. To get such repro- 
ucibility, a 10-yard sample of felt should be set aside for testing only. 

The strainability of a material is not independent of the applied pressure. 
Table II shows the effect of pressure drop on the strainability of another sample 


TABLE II 
EFFECT OF PRESSURE Drop ON STRAINABILITY 
Pressure drop across felt Volume passed 
(mm. Hg) (ee.) 
50 83 
125 8] 
250 77 
450 70 
500 64 
625 62 


TABLE III 
STRAINABILITY OF Raw LaTEx 


hanes “tea, . Present 
No. of strainings Fas gevenpany AN Ratio: Previous 
0 8 “ih 
1 41 5.13 
2 69 1.68 
3 80 1.16 
4d 105 1.31 


of the same type of latex. As the pressure drop increases, it tends to compress 
the felt, thus making it dense and decreasing the amount passed. A pressure 
drop of 125 mm. of mercury was taken as standard, since deviations of 25 or 
50 mm. on either side affected only slightly the amount passed. 


EXAMPLES OF USE OF TEST 


On raw latex.—To improve the behavior of latex in an extrusion process 
straining through felt was tried. The improvement could be followed by 
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measuring the strainability of the latex. The latex used was also Sumatran 
material centrifuged once. 

Once coagulum, sludge, etc., have been removed from well preserved latex, 
there is no spontaneous recurrence under ideal storage conditions. The strain- 
ability of some latex when freshly strained was 46 gallons per square foot. 
After storage for 2 months in a closed metal container, the strainability was 44 
gallons per square foot. Any rapid decrease in the strainability of a latex is 
probably due either to outside contamination or to a reaction with added 
ingredients. 

In making dispersions.—In attempting to improve the ball milling of dis- 
persions to be used in latex compounding by either changes in procedure or 
formulation, it is difficult to know when an improvement has been made. 
The strainability test offers a useful tool. For example, in studying the effect 
of ball-milling time and ball-mill loading on a sulfur dispersion, the following 
tests were made: A 150-gallon ball mill was used for each test, loaded in each 
series with 625 pounds of flint pebbles. In the first case, the mill charge was 


TABLE IV 
STRAINABILITY OF SULFUR DISPERSION 


Strainability (gallons per square foot) 





Time of milling — 


(days) 1200-lb. loading 395-lb. loading 
1 3 1.0 
2 0.3 5.0 
3 0.3 5.8 
4 0.3 5.9 
5 3.6 oe 
6 5.1 8.2 
7 4.2 8.9 
8 5.8 10.2 
y 5.4 

10 5.0 
1] 6.4 
12 ae 
13 6.5 
14 7.6 
15 6.8 


1200 pounds of wet dispersion; in the second, 395 pounds. Table IV gives the 
resulting strainabilities. 

These data indicate that lowering the weight of a ball-mill charge is very 
effective for increasing the efficiency of sulfur grinding. 

Strainability measurements may be used as a control test on factory batches 
of dispersions for latex compounding. 

In latex compounding.—If we consider the straining of a mixture of ingre- 
dients, A and B, which do not interact, the two ingredients can be thought of as 
straining through separate areas of felt. Then the total area of felt required to 
strain the mixture is the sum of the two separate areas. 

For example, mix a gallons of A with a strainability of S; requiring a/S, 
square feet of felt with b gallons of B with a strainability of S. requiring b/S, 
square feet of felt. Then a + 6 gallons of mixture with a strainability of Sr 
requiring (a + b)/Sr square feet of felt results. 

b a+b, 


a 
Thus S 8: = Sr 


or for any number of noninteracting ingredients 
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A, B, C, D, --- of a, b, c, d, --- gallons each < . ial a +it: 


Se 
r+b d+-:-- — — : 
~- oe = » where Sz is the strainability of the mixture. 
T 





By comparing the last equation with strainability results obtained during 
latex compounding, interactions between ingredients can be detected. 
The data in Table V indicate a compound produced without interaction. 


TABLE V 
CoMPoUND STRAINABILITY 


Strainability Amount added 

No. Ingredient (gal. per sq. ft.) (gal.) 
A Neoprene latex (Type 571) 77.0 12.00 
B Stabilizer solution oe 0.80 
C Zinc oxide dispersion 16.8 1.00 
D Filler dispersion 17.5 2.00 
EK Antioxidant dispersion 2.8 0.25 
k Pigment dispersion 8.3 1.00 

Total compound 35.0 (experimental) 17.05 


By the noninteraction formula: 


or 


1.00 17.05 
— = 0.539 
2.8 + 8.3 = dns Sr 


77.0 x 16.8 








12.00 0.80 1.00 2.00 0.2% 
7 


17.05 


Sr = 0.5303 > 31.6 gallons per square foot, which agrees fairly closely with 
539% 





the experimental result and indicates little or no interaction. 
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TESTING RECLAIMED RUBBER * 


KF. L. Kitpourne, Jr. 


Xytos RupBer Co., Akron, Ouro 


The Technical Committee of the Rubber Reclaimers’ Association adopted a 
simple test formula for reclaimed rubber in October, 1942. The reason for 
doing this was to promote uniformity throughout the industry in discussion of 
reclaimed-rubber specifications. Many technologists had previously decried 
the use of the simple five per cent sulfur test formula. Palmer and Crossley! 
summarized the literature on this subject. The Reclaimers’ test formula, 
though hurriedly adopted for the sake of uniformity during the war period, 
has now stood the test of time and has had fairly general acceptance on its 
merits. 

RECLAIMERS’ TEST FORMULA 


The formula is as follows: 


Reclaimed rubber hydrocarbon 100.0 
Zine oxide 5.0 
Stearic acid 2.0 
Sulfur 3.0 
Mercaptobenzothiazole 0.5 
Diphenylguanidine 0.2 


Cure 10, 15, 20, 25, ete., minutes at 40 Ibs. per sq. in. (287° F) until optimum cure is reached. 


As originally adopted, the rubber hydrocarbon referred to in the formula 
above was supposed to be measured by the direct or chromic acid oxidation 
method. Since this method gives results which are always a few per cent lower 
than those obtained with the indirect or difference method of analysis, this 
laboratory and most of the trade have used the rubber contents as determined 
by the indirect or difference method for setting the test formula. 

To use the test formula, it is necessary to know the rubber content of the 
reclaim. This is usually known in advance or is available by asking the reclaim 
manufacturer. Thus, if the rubber content is 50 per cent, one uses 200 parts 
of reclaim to obtain 100 parts of reclaimed rubber hydrocarbon in the formula. 
When a quick test is needed, one can estimate the rubber content from the 
specific gravity. Typical specific gravity and corresponding rubber content 
ranges are shown in Table I. 


VARIATIONS OF FORMULA 


In the laboratories of the Xylos Rubber Company, the Reclaimers’ Test 
Formula is broken up into several subformulas, each of which covers a range of 
rubber contents. This requires the weighings shown in Table II to obtain 
batches which, expressed in grams, are five times the base formula. 

By using Table II, one needs only a single formula card for pigments. 
Thus, error in weighing pigments is reduced to a minimum. Each reclaim 


* Reprinted from The Rubber Age (New York), Vol. 62, No. 5, pages 541-542, February 1948. 
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that is tested frequently has a known rubber content and the appropriate 
weight of reclaim to be used is quickly selected by reference to the table. 
For unknown reclaims, the compounder must indicate the amount of reclaim 
to be used in the test. 

Instead of the procedure above, one may standardize on a given quantity 
of reclaim and have several different formulas for the weights of pigment 


TABLE | 


APPROXIMATE RUBBER CONTENTS 


I-stimated 
Specific gravity range Type of reclaim* rubber content 
1.10-1.15 Tube or carcass 60-70 
1.15-1.20 Tube 55-65 
1.15-1.20 Tire 45-55 
1.15-1.20 Black carcass 50-55 
1.20-1.25 Tire 40-50 
1.20-1.25 Light carcass 50-55 
1.25-1.30 Tire 35-45 
1.30-1.35 Mechanical 35-40 
1.35-1.40 Mechanical 30-35 


*In general, a synthetic reclaim contains slightly less hydrocarbon than the corresponding natural 
rubber reclaim because of the prevalent use of higher black loadings and increased softeners when com- 
pounding synthetic rubber. 


TABLE II 


DeraILep Test ForRMULA 
Pigment weighings 


100 Parts basis Actual weights 
Zine oxide 5.0 25. grams 
Stearic acid 2.0 10. grams 
Sulfur 3.0 15. grams 
Mercaptobenzothiazole 0.5 2.5 grams 
Diphenylguanidine 0.2 1. gram 


Reclaimed rubber weighings 


For reclaim with 62.4-67.5% rubber content, use 770 grams 
For reclaim with 57.5-62.4% rubber content, use 835 grams 
For reclaim with 52.5-57.4% rubber content, use 910 grams 
For reclaim with 47.5-52.4% rubber content, use 1000 grams 
For reclaim with 42.5-47.4% rubber content, use 1110 grams 
For reclaim with 37.5-42.4% rubber content, use 1250 grams 
For reclaim with 32.5-37.4% rubber content, use 1430 grams 
For reclaim with 27.5-32.4% rubber content, use 1667 grams 


corresponding to the various rubber contents. In either case, it is felt that 
some grouping of reclaims with similar rubber contents such as is shown in 
Table II is needed to facilitate testing when a large number of tests are being 
run. The maximum error in accelerator, sulfur, zinc oxide and stearic acid 
concentrations that can be incurred by this grouping of reclaims is 8.3 per cent 
of the formulated amount at the 30 per cent hydrocarbon level and only 3.9 
per cent at the 65 per cent hydrocarbon level. 

Some laboratories simplify the weighing of batches even further by blending 
together all the dry pigments except stearic acid, sifting the mixture to prevent 
formation of agglomerates, and then making one weighing take the place of 
four. The stearic acid and reclaim are then weighed separately. 
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PREPARATION OF BATCHES 


The batches given in Table II are weighed out for a large laboratory mill 
with rolls 16 inches by 8 inches with a 3 to 1 ratio between fast and slow rolls. 
For smaller mills, the batch size is adjusted accordingly. The mill is operated 
at a speed of 21 r.p.m. on the fast roll and 14 r.p.m. on the slow roll. The 
opening of the mill is adjusted to produce a smooth rolling bank about 1 to 2 
inches in diameter. The reclaim is put on the mill and given a breakdown 
period of two minutes. In the case of dry or nervy reclaims, a longer break- 
down time is necessary. 

The stearic acid and zine oxide are added and mixed for one minute. The 
sulfur and accelerators are then added, and the batch allowed to mix 1.5 
minutes. At this point (total time 4.5 minutes) the batch is given two refining 
passes at a thickness of 0.050 + 0.010 inches. The batch is then taken off of 
the mill and the weight is checked. Next, it is passed through the mill endwise 
four times at a thickness of 0.250 inches. The batch is then allowed to roll on 
the mill at a thickness of 0.110 + 0.010 inch for at least 0.5 minute to establish 
a grain, and it is then slabbed off. The mixing procedure should require about 
6.5 minutes. The variation between successive mixings is shown in Table ITI. 


TasBLe LI 
DUPLICATION OF RESULTS 
Stress Tensile 
@ 300% Elongation strength Shore 
(Ibs.) (%) (Ibs.) hardness 
Whole-tire reclaim (cured 25 min. @ 287° F) 
Mixing No. 1 640 375 865 55 
Mixing No. 2 630 365 885 55 
Mixing No. 3 635 360 895 54 
Mixing No. 4 635 375 875 53 
Mixing No. 5 645 370 905 54 


Black-tube reclaim (cured 15 min. @ 287° F) 


Mixing No. 1 680 525 1620 55 
Mixing No. 2 665 565 1705 55 
Mixing No. 3 685 525 1660 55 
Mixing No. 4 680 545 1690 55 
Mixing No. 5 695 555 1690 55 
Average for whole-tire reclaim 637 369 885 54 
Average deviation (%) 0.6 1.4 1.4 a 
Average for black-tube reclaim 681 542 1673 55 
Average deviation (%) 1.3 2.8 1.6 —~ 


ASTM PROCEDURES FOLLOWED 


The results given in Table III were obtained by following testing procedures 
recommended by the American Society for Testing Materials’. Three strips 
were broken for each cure. The breaking of at least three strips is recom- 
mended. The results of all three strips are averaged unless one strip falls more 
than ten per cent below the highest of the other two. In this case, the results 
on the two best strips are averaged. If the poorest two strips both fall more 
than ten per cent below the best strip, additional strips are broken until two 
are found which agree within ten per cent. 

Typical test results for several types of reclaim are shown in Table IV. 
Most of these results were obtained on reclaims made by one manufacturer, 
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TABLE IV 
Typical Reciam Puysicat Trsts 
: Shore 
Specific Stress Elon- Tensile hard- 
Type gravity Cure @ 300% gation strength ness 
Synthetic whole tire 1.19  35'@312° 575-425 965 47 


Mixed natural and synthetic whole tire 1.20 25’@287° 650 400 900 54 
Mixed natural and synthetic peelings 1.26 25’@287° 720 320 1060 50 





Natural peelings 1.16 20’@287° 1095 325 1265 58 
Black tube 1.18 20’@287° 565 520 1460 55 
Light carcass* 1.22 10’@287° 270 4630 1245 44 
Modified tire 1.24 20'@287° 1200 300 1200 68 
Modified tire 1.24 20’@287° 600 305 625 56 
Mechanical blend 1.33 25’@287° 520 320 65 55 
Mechanical blend 1.40 25’'@287° - 265 725 64 
Light colored mechanical blend 1.39 20'@287° 425 485 960 53 
Modified tire 1.27 20'@287° 750 380 1030 = 62 
Modified tire 1.27 20'@287° 420 5 740 «258 


Mixed natural and synthetic whole tire 1.19 25’@287° 710 400 1070 54 
Mixed natural and synthetic whole tire 1.18 25’@287° 690 365 890 51 
Mixed natural and synthetic whole tire 1.20 20’@287° 500 470 1050 54 


_* In testing highly alkaline reclaims such as tHis one, it has been found necessary to replace the 5 parts 
of zinc oxide and 2 parts of stearic acid with 5 parts of zinc laurate. Apparently, the alkali in the reclaim 
interferes with the normal action of zine oxide and stearic acid during devulcanization. 
although a few tests on other reclaims are included. Many of the values shown 
are averages over a period of one year. 


SUMMARY 


1. A new test formula for reclaimed rubber based on the percentage of 
rubber hydrocarbon in the reclaim has been in use since 1942. 

2. Details of the mixing and a simplified program for testing a large number 
of reclaims have been outlined. 

3. The test formula gives consistent results in the hands of experienced 
technicians. 
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